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CHAPTER VI 

EXPERIMENTAL FLOW IN TWO-DIMENSIONAL CASCADES 

w w 
0, w 

By Seymour Lieblein 

SUMMARY 

Available  experimental  two-dimensional-cascade data for  conventional 
compressor blade sections are correlated. The two-dimensional  cascade and 
some of  the  pr incipal  aerodynamic factors  involved i n  i t s  operation are 
f i rs t  briefly  described. Then the  data are analyzed  by examining the 
var ia t ion of cascade  performance a t  a reference  incidence  angle  in the 
region  of minimum loss. Variations of reference  incidence  angle,  total- 
pressure loss, and deviation  angle with cascade geometry, i n l e t  Mach num- 
ber, and  Reynolds number axe investigated. 2 

3 -  1 
-t 

J?rom the analysis and the correlatione of the available data, rules 
4 and relat ions are evolved f o r  the prediction of the magnitude  of the ref-  

erence  total-pressure loss and the  reference  deviation and incidence  angles 
f o r  conventional blade profiles.  These relat ions are developed i n  simpli- 
f i e d  forms readi ly   appl icable   to  compressor design  procedures. 

INTRODUCTION 

Because of the complexity and three-dimensional  character of the flow 
i n  multistage  axial-flow compressors, vwious  simplified approaches  have 
been  adopted i n  the  quest  for  accurate  blade-design data. The prevailing 
approach has been t o  treat the flow across  individual compressor blade 
sections as a two-dimensional flow. The use of two-dimensionally  derived 
f low  character is t ics   in  compressor design  has  generally  been  satisfactory 
for  conservative  units (ch. I11 ( re f .  1)). 

I n  view of the limitations  involved in  the theoretical   calculation  of 
the flow about two-dimensional blade aections  (chs. IV and V ( r e f .  l)), 
experimental  investigations  of two-dimensional  cascades of blade sections 
were adopted as the principal  source of blade-design data. Early  experi- 
mental  cascade r e s u l t s  (e.g., refs. 2 t o  41, however, were marked by a 
sensit ivity  to  individual  tunnel  design and operation. This was largely a 
r e su l t  of the   fa i lure  t o  obtain  t rue two-dimensional  flow. Under these - 
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circumstances,  the  correlation of isolated data w88 very d i f f i cu l t .  Some 
e f fo r t s  were made,  however, to   correlate  limited experimental data fo r  use 
i n  compressor design  (e.g., ref. 5). The British, in   par t icu lar ,  through 
the effor ts   pr imari ly  of Carter and Howell, appear to  have made effective 
use of their   ear ly  cascade  investigations (refgi. 6 t o  9 ) .  

In  recent  years, the introduction of effective  tunnel-wall boundary- 
layer removal fo r  the establishment of t rue  two-dimensional  flow gave a 
substant ia l  impetus t o  cascade analysis. In  particular,  the  porous-wall 
technique of boundary-layer  removal developed by  the NACA ( r e f .  10) w a s  a a3 M 
notable  contribution. The use of effective tunnel  boundary-layer  control 
has resu l ted   in  more consistent  systematic test da t a . ( r e f s .  11 to  14) and 
i n  more significant  two-dimensiond comparisons  between theore t ica l  and 
experimental performance (refs. 15 t o  1 7 ) .  With the ava i lab i l i ty  of a 
considerable amount of camis ten t  data, It has become feas ib le   to   inves t i -  
gate the existence of general   relations among the various  cascade  flow 
paramters .  Such re la t ions   cur ta l l   the  amount of future  experimental 
d a t a  needed and also r e s u l t   i n  more effect ive use of the  data  currently 
available. 

to 
M 

. .. 

Inasmuch as %he primary f'unction of cascade  information is t o   a i d  in - 
the  design of compressors, the present  chapter  ei$resses-the  existing-yas- " 4 - 

cade da ta   in  terms of parameters  applicable t o  compressor design. Such 
expression  not only faci l i ta tes   the  design of moderate  compressors but 
a l so  makes possible a rapid comparison of  cascade  data wi th  da'a obtained 
from advanced high-speed compressor configurations.  Since  the bulk of the 
available cascade  data  has  been  obtained at loW speed (Mach numbers of the 
order of O.l), the question of appl icabi l i ty   to  such  high-speed units is 
very  significant.  It i s  necessazy t o  determine which flow parameters can 
or cannot  be  applied, t o  w h a t  extent the Low-speed data are d i rec t ly  
usable, and whether corrections can be -developed in those  areas where the  
low-speed data cannot be used direct ly .  

i 

I n  t h i s  chapter, the available cascade data obtained from a W g e  
number of  tunnels are reworked i n  terms of w h a t  are believed  to be 
s ignif icant  parameters and, wherever possible,  correlated  in  generalized 
forms. The performance parameters  considered in   the   cor re la t ion  are the  
outlet-air  .deviation  angle and the cascade  losses  expressed i n  terms af 
blade-wake mdmentum thickness. The correlations  are based on the  vwia-  
t ions of the performance parameters n l t h  cascade geometry (blade  profile 
shape, sol idi ty ,  chord angle) and i n l e t  flow conditions. In view of the 
d i f f i c u l t i e s  involved ia  establishing  cofrelatinns  over t h e  complete  range 
of operation of the  cascade at  various Mach number levels,   the  analysis 
i s  r e s t r i c t ed   t o   an  examination  of  cascade performance a t  a reference 
incidence-angle  location in  the  region of minimum lose. L 

The chapter is divided  into fou r  main sections: (1) a brief  descrip- 
t i on  of the  two-dimensional  cascade and of the  parameters,  concepts, and 
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z 
data involved i n  the anabsis, (2)  an  analysis of the  var ia t ion of the 
reference  incidence angle with cascade geometry and flaw conditions, 
(3) an  analysis of the variation  of  total-pressure loss at the  reference 
incidence  angle, and (4) an  analysis of t he   vmia t ion  of deviation  angle 
at the reference  incidence  angle. 

A 

b 

C 

5 -  d 

- f 
H 

i 

i o  

Kc 

K i  

Ks 

M 

SYMBOLS 

The following synibols are used in  t h i s  chapter: 

flow area 

exponent in  deviation-angle  relation 

chord length 

diffusion  factor  (based on over-all  velocTties) 

l o c a l  Mffusion fac tor  (based on l o c a l   v d o c i t   i e s  1 

exponent i n  wake velocity-distribution  relations 

function 

wake form factor,  E*/e* 
incidence  angle, angle between inlet-air   d i rect ion and  tangent t o  

blade mean  camber l i n e  at leading edge, deg 

incidence angle of uncanibered blade section, deg 

compressibil i ty  correction  factor  in loss equation 

correction  factor  in  incidence-angle  relation 

correction  factor in deviation-angle  relation 

Mach  number 
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f ac to r s   i n  cleviation-angle re la t ion  

n 

P 

P 

Re, 

t 

V 

Y 

z 

a 

P 

rO 

6 

E* 

6O 

e* 

P 

d 

cp 

slope factor in incidence-angle  relation 

total  or  stagnation  pressure 

s t a t i c   o r  stream pressure 

Reynolds number based on chord length 

blade  spacing 

blade maxlniwi thickness 

. .  

a i r  velocity. 

coordinate normal t o  axis 

coordinate  along axis 

angle of attack, angle between in le t -a i r  direction and blade 
chord, deg 

a i r  angle,  angle between air  Velocity and axial   direction, deg 

blade-chord  angle,  angle between blade  chord and axial   direction, 
de@; 

wake full thickness 

wake displacement  thickness 

deviation  angle,  angle between out le t -a i r   d i rect ion and tangent 

" 

to  blade mean camber l i n e  at t r a i l h g  edge, deg 

deviation  angle of uncmibered blade section, deg 

wake  momentum-defect thickness 

density 

sol idi ty ,  r a t i o  of  chord to  spacing 

"" 
.. - .. . . .. 

blade caniber angle,  difference between angles of tangents  to mean 
camber l i n e  at leading and t r a i l i n g  edges, deg 

CR w 
3 

rc 
. .  
" 

." " 
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- 
0) total-zressure-loss  coefficient 

Subscripts: 
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max 

ref 

sh 
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2 
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aver age 

incompressible equation 

incompressible 

lower s u r f  ace 

maximum 

reference 

blade shape 

blade maximum thickness 

upper surface 

axial direction 

tangent ia l   d i rect ion 

free stream 

s t a t ion  at cascade i n l e t  

s t a t ion  at cascade exit (measuring s ta t ion)  

10 percent  thick 

I 

Descriptlon of Cascade 

A schematic diagram of a low-speed two-dimensional-cascade  tunnel i s  
shown i n   f i g u r e  l t o   i l l u s t r a t e  the general  tunnel  layout. The pr inc ipa l  
components of the conventional  tunnel are a blower, a diffuser section, 
a l a rge   s e t t l i ng  chamber with honeycomb and screens t o  remove any swirl 
and to  ensure a uniform velocity  distribution, a contracting  section  to 
accelerate the flow, the cascade tes t   sect ion,  and some form of out le t -  
air guidance. The test section  contains a row or  cascade of blades set 
i n  a mounting device that can  be a l t e r ed   t o   ob ta in  a range of air i n l e t  
angles  (angle j31 i n   f i g s  . 1 and 2) . Variations  in  blade angle of at tack 
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. .  

are  obtained  either by rotat ing the blades on the i r  individuaL mountfng 
axes (i.e.,  by  varying  the  blade-chord angle yo)  while maintaining 
a fixed a i r  angle ar .by keeping the blade-chord  angle fixed and  vaxying 
the air inlet   angle by rotat ing  the  ent i re  cascade.  Outlet flow meas- 
urements are  obtained f r o m  a traverse along the cascade usu&ly between 

+. 
. " 

7 1 

t o  1; chord lengths .behind the blade t r a i l i n g  edge at   the   blade mid- 2 
.. 

" - - - 

span. In   the  analysis ,   b lade  out le t   refers   to   the cascade measuring 
stat ion.  

In most cases, some form of -11 boundary-layer control i n  the cas- 
" . -  

m .  
3 n 

cade is povided by means of suction  through  slots  or  porous-wall sur-  
faces. Examples of different  tunnel designs or  detailed information 
concerning  deslgn,  constructlon, and operation of the two-dimensional- 
cascade  tunnel can  be  obtained from references 10 11 and 18 t o  20. 

I L  

.. .. - - 
" 

Nomenclature and symbol6 designating  cascade  blade  characteristics 
a re   g iven   in   f igure  2. As Fn isolated-airfoil.  @actice,  cascade blade 
shapes a r e  normally  evolved  by  adding a basic thickness  distribution  to 
a mean camber l ine .  The mean canker l i n e  (as indicated  in   f ig .  2 )  rep- 
resents  the basic curvature'of  the  profile. Some frequently used curva- 
tures are the NACA (Alo) and related mean l ines  (refs. 11 and 13), the  
circular-arc mean l i n e  (ref. 6),  and the  parabolic-arc mean l ine   ( r e f .  12 ) .  
Two popular basic thickness  distributions are the  NACA 65-series  thickness 
distribution (ref. 11) and the  Br i t i sh  C.4 thickness  distribution (ref. 6 ) .  
A high-speed p ro f i l e  has also been  obtained from the  comtruction of a - 

circular-arc upper and lower surface (ref. 21); this prof i le  is referred 
t o  as the  double-circular-arc blade. 

. .  . 

4 

* 

Performance Parameters 

The performance of cascade  blade  sections has generally  been pre- 
. . . ,  . .. 

sented as plots of the variation of air-turning  angle, l i f t  coefficient, 
and flow  losses  against blade angle of attack (or incidence  angle} fo r  a 
given  cascade so l id i ty  and blade  orientation.  Blade  orientation i s  ex- 
pressed i n  terms of either fixed air inlet angle  or fixed blade-chord 
angle. Flow losses have  been expressed i n  term of coefficients of the 
d r a g  force and the   defects  i n  out le t   to ta l .pressure  or  momentum. A recent 
investigation (ref.  22) demonstrates the significance of presenting  cas- 
cade losses in terms of the  thickness ana form c k a c t e r i s t i c s  of the 
blade wakes. 

I n  t h i s  analysis,   the cascade loss parameters  considered  are the wake 
momentum-thickness r a t i o  0*/c ( re f .  .22) and the total-pressure-loss  coef- 
f i c i e n t  GI, defined as the r a t i o  of the average loss  in total preseure 
across   the  blade  to   the  inlet  aynamic head. Cascade losses  are  considered 
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In  terms of %, since this parameter  can be conveniently  used  for the 
determination of  compressor  blade-row efficiency and entropy  gradients. 
The parameter W/c represents the basic w a k e  development of the blade 
prof i le  and, as such, c c p t i t u t e s  a s ignif icant  parameter for   cor re la t ion  
purposes. Values of e /c were couputed from the  cascade loss  data ac- 
cording t o  methods similar to  those  presented in reference 22. The 
diffusion  factor D of reference 23 was used as a measure of the blade 
loading i n  the region of minimum loss. 

C 

w w 
(1, w In the present analysis, it was necessary t o  use a uniform nomencla- 

t u re  and coneistent  correlation  technique  for the various blade shapes 
considered. It was believed that this could best be accomplished  by 
considering  the  approach  characteristics of the blade in terms of air ip- 
cidence angle i, the camber character is t ics  i n  terms of the camber angle 
q,  and the air- turning  character is t ics   in  terms of the deviation angle So 
( f ig .  2 ) .  As indicated in figure 2, these  angles are based on the tan- 
gents t o  the blade mean caniber l i n e  at the leading and t r a i l i n g  edges. 
The use of the  deviation angle, rather than  the  turning  angle, as a meas- 
ure of the air  out le t   d i rect ion has the advantage, for   correlat ion pur- 
poses, of a generally small variation  with  incidence angle. Air-turning 

I angle is related t o  the  caniber, incidence, and deviation  angles  by 

& = q + i - 6 O  (1) 
51 

Incidence  angle is considered  positive when it tends to   increase  the  air- 
turning angle, and deviation  angle is considered  positive when it t e d s  
to  decrease the air-turning angle ( f ig .  2 ) .  

The use  of  incidence  and  deviation angles requires a unique and rea- 
sonable  definition of the  blade mean-line  angle at the leading and t r a i l i n g  
ed.ges, which may not   be  possf i le   for  some blade shapes. The princJpa1 
d i f f i c u l t y   i n  this respect is i n  the  65- (%o) -series blades (ref. 11) ,. 
whose mean-line slope is theore t ica l ly   in f in i te  at the leading and t r a i l i n g  
edges. However, it is still possible  to  render these sect ioni  usable in 
the  analysis by arbi t rar i ly   es tabl ishing  an  equivalent   c i rcular-arc  mean 
camber l ine .  As shown in figure 3, the  equivalent  circular-arc mean l i n e  
is obtained by  drawing a circular  arc  through the leading- and t r a i l i ng -  
edge points and the point of maximum c d e r  at the midchord position. 
Equivalent  incidence,  deviation,  and camber angles can  then be established 
from the  equivalent  circular-arc mean l i n e  as indicated in  the  figure. 
The re l a t ion  between equivalent  c&er angle and iso la ted-a i r fo i l  lift 
coefficient of the NACA 65-(Alo) -series mean l i n e  is shown in  f igure  4. 

A typical   p lot  of the cascade  performance parameters used i n   t h e  
analysis i s  sham i n  figure 5 for a conventional  blade  section a t  f ixed  
so l id i ty  and a i r   W e t  angle. - 
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Data Selection 

I n  select ing data sources for use in  the  cascade performance corre- 
lations,  it is necesswy  to  consider  the  degree of  two-dimensionality 
obtained i n  the tunnel and the  magnitude of the t e s t  Reynolds number and 
turbulence  level. 

Two-dimemionallty. - As indicated  previously,  test  results for a 
given  cascade geometry obtained from different  tunnels may vary  because 
of a fai lure   to   achieve  t rue two-dimensional  flow across  the  cascade. 
Distortions of t he   t rue  two-dimensional flow are  caused by the  tunnel-wall 
boundary-layer growth and by nonuniform i n l e t  and outlet  flow dist r ibu-  
t ions (refs. 10 and 18). In modern cascade  practice, good f low two- 
dimensionality is obtained by the  use  of  wall-boundary-layer  control o r  
large  tunnel  size  in  conjunction wi th  a large n e e r  of- b$ad,es, or both. 
Fxamples of  cascade  tunueli  with-gooa  two-dimensionality  are  given by 
references I1 and .19. 

. . +. " 

# 

rr) aJ 
trj 
rrl 

The lack  of good two-dimensionality in cascade tes t ing  a f f e c t e  pri- 
marily  the  air-turning angles and blade surface  pressure  distributions. 
Therefore,  deviation-angle data were rejected when the two-dimensionality 
of the  tunnel appeared questionable  (usually the older and smaller tunnels). 
Pract ical ly  all the cascade losa  data were usable, however, since  varia- 
t i ons   i n   t he  measured l o s s  obtained from a given  cascade geometry i n  dif- 
ferent  tunnels wi l l  generally be consistent  xith  the measured diff'usion 
levels  (unless  the  blade span ie less than about 1 or  2 inches and there 
is no extensive boundary- layer removal 1. 

I 

Reynolds number and turbulence. - For the same conditions of. two- 
dimensionality and test-section Mach number, tes t   resul ts   obtained f'rom 
cascades of  the same geometry may vary becake  of l a r g e   W e r e n c e s  in the : 
magnitude of the  blade-chord Reynolds number and %he free-stream  turbu- 
lence. Examples of the  effect  of R e p ~ o l d s  nu&= and turbulence on the  
losses  obtained f'rom a given blade section  at  fixed  incidence  angle  are 
presented  in  f igure 6. Similar pronounced effects   are  observed on the 
deviation  angle. As discussed  in  chapter V (ref. l), the  loss variation 
with Reynolds number is associated primarily with a loca l  o r  complete 
separation  of the laminar boundary layer on the  blade  surfaces. The data 
used in   the  correlat ion  are   res t r ic ted  to   values  of  blade-chord Reyaolds 
number f'rom about Z.0X105 to  2 .5a05 i n  order t o  minimize the ' e f f ec t s  of 
different  Reynolds numbers. Free-stream  turbulence  level was not gen- 
e ra l ly  determined i n  the  various  cascade  tunnels. 

.. . 

I n  some caaes (refs. 11 and'24,  e,g-),   in tuanels with low turbulence s 
levels, marked local  laminar-separation  effects were observed in   t he  range 
of Reynolds nuiber  selected  for  the  correlation.  I l lustrative  plots of 
the  var ia t ion of total-pressure-loss  coefficient with angle of attack fo r  
8 cascade wfth loca l  laminar sepmation are s h a m  i n  figure 7. In such 
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instances, it Fanecessa ry   t o   e s t ima te   t he  probable  variation of  loss 
(and deviation  angle)  in  the  absence of the local  separation ( a s  indicated 
in the figure) and use values  obtained from the  faired  curves for the  
correlations.  

il 

.- 

The specific  sources of data used i n  the  analysis axe indicated by 
the  references listed f o r  the various *performance correlations.  Details 
of t he  tunnel  construction and operation and other  pertinent  informatlon 

w are given i n  the Lndividual  references. 
8 
w 

Approach 

In a correlation of two-dimensional-cascade data tha t  is intended 
ultimately f o r  use i n  compressor blade-element  design, the  var ia t ions of 
performance  parameters  should be established  over a wide range of  incidence 
angles.  Experience shows (fig. 8) that the  var ia t ion of loss with inci-  
dence angle f o r  a gfven blade section changes markedly aa the inlet Mach 
nulriber is increased. Consequently, correlated low-speed blade performance 
at high  and. low incidence  angles is not   amlicable  at  high Mach numbers. 
The low-speed-cascade  performance is therefore consideked at some refer- ? ence  point on the  general loss-against-incidence-angle  curve that exhibits 

nJ the least vakiation i n  location and i n  magnitude of performance  parameters 
b as Mch nuniber ia  increased. 

The reference  location herein is selected as the point of minimum 
loss on the curve of total-pressure loss against incidence angle. For 
conventional  low-speed-cascade  sections, the region of low-106s operation 
fs generally flat, and it is d i f f i cu l t   t o   e s t ab l i sh   p rec i se ly  the value 
of incidence angle that ccrresponds t o   t h e  minimum loss. For prac t ica l  
purposes,  therefore,  since the curves of loss coefficient  against  incidence 
angle are generally  symmetrical,  the  reference minirmtm-Loss location was 
established at the middle of the low-lOSS range of operation.  Specifi- 
cally,  as shown i n  figure 9, the reference  location is selected as the 
incidence  angle at the midpoint of the  range, where range is defined as 
the change in incidence  angle  corresponding t o  a rise i n  loss coefficient 
equal  to the m i n i m  value. Thus, for  conventional  cascade  sections, t he  
midrange  r&ference location is considered  coincident with the point  of 
minimum loss. In addition t o  meeting the abovementioned requirement of 
small variat ion wi th  i n l e t  Mach nu&er, the  reference minimum-loss inci- 
dence  angle (as compared w i t h  the optimum or nominal incidence  settings 
of ref. 25 o r  the  design  incidence  setting of ref. 11) requires  the  use of 
only the  loss variat ion and a lso  permits the use of the diffusion factor  
(appl icable   in   region of minimum loss) as a measure of the  blade loading. 

A t  this point, it should be kept i n  mind that the reference minirmun- - loss incidence angle is not necessar i ly   to  be considered as a recommended 
design  point  for compressor application. The select ion of the   best  
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incidence  angle for a p z t i c u l a r  blade element i n  a  multistage-compressor 
design is a function of inany considerations,  such as the  location of the  
blade row, the  design Mach number, and the  type and application of the  
design. In general, there is no one universal   definit ion of design or 
best  incidence  angle. The cascade  reference  location is established 
primarily for  purposes of analysis. 

O f  the many blade  shapes  currently i n  use i n  compressor design  prac- 
t i ce   ( i . e . ,  NACA gs-series, C-series circular arc, parabolic arc, double 
ci rcular   arc) ,   data   suff ic ient  t o  permit a reasonably  complete and s igni f i -  
cant  correlation have been published only for  the 65- (%O)-series  blides of 
reference 11. 'merefore, a basic  correlation of the  65-(A10)-8eries data 
had t o  be established first and the   r e su l t s  used as a  guide or foundation 
fo r  determining  the  corresponding  performance  trends  for the   o ther   bhde  
shapea for which only limited data exis t .  

n 
OD to m 

Since the ultimate  objective  of  cascade  tests i s  t o  provide informa- 
t i o n  fo r  designing  compressors, it is desirable, of course,  that  the 
structure  of-the  data  correlations represent the compressor s i tua t ion   as  
closely as possible.  Actually, 8 blade element i n  a compressor represents 
a blade  section of fixed geometry (i.e., fixed  profile form, sol idi ty ,  and 7 

chord angle) with varying inlet-air angle. In two-dimensional-cascade 
practice, however, variations i n  incidence an& have been  obtained by 
varying  either  the  inlet-air  angle or the  bl-ade-chord  angle. The available 
systematic data for  the M C A  65-  (A10)-6erFes bia&s"-(ref. 11) have been ob- 
tained under conditions of fixed inlet-air   angle and Wrying blade-chord 
angle.  Since these data form the  foundation of the analysis, it was nec- 
essary  to  estaij l ish the cascade .performance correlations on the  basia of 
fixed inlet-air angle. Examination of lkted unpublished low- speed data 

' Indicate  that, as Fllustrated' in figure 10, the  loss curve for  constant 
air inlet angle  ,generalIy falls somewhat t o  the r igh t  of the  constant- 
chord-angle  curve fo r  fixed values of p1 and yo in t he  low-loss region 
of the curve. Values of minimum-loss incidence -le for fixed p, op- 
eration  are  indicated  to be of the  order of lo or 2 O  greater than for 
fixed P operation. A n  approximate  allowance for   this   di f ference is 
made In the  use of refeence-incidence-angle data from these two methods. 

With the  def ini t ion of reference  incidence  angle, performance parame- 
ters, and analyt ical  approach established,  the  procedure is f i r s t  t o  de- 
termine how the value of the reference minimum-loss incidence  angle varies 
with cascade geometry and flow conditions  for the available  blade profiles. 
Then the var ia t ion of the performance parameters i s  determined a t   t h e  
reference  location (as indicated i n  fig. 5) a8 geometry and flow are  
changed. Thus, t he  vaiious  factors  involved  can be appraised, and corre- 
l a t i o n   c u ~ v e s  and charts can be established f o r ' t h e  available data. The 
analysis and correlation of cascade  reference-point  chasactekietics  are t 

presented in the  follaring  sections.  
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Preliminasy Analysis 

DJ 

In an e f fo r t  t o  obtain a general   e-irical   rule  for the location of 
the  reference minim-loss incidence  angle, it is first necessazy to ex- 
amine the   p r inc ipa l  influencing factors .  

It is generally  recognized that the low-loss region of incidence 
angle is ident i f ied  with the absence of Urge  veloci ty  peaks (and subse- 
quent decelerations} on e i ther  blade surface. For i n f i n i t e l y   t h i n  sec- 
tions,  steep  velocity  gradients  are  avoided when the front stagnation 
point is located at the leading edge. This condition has frequently been 
referred to  as   the  condi t ion of "impact-free  entry." Weinig (ref. 26) 
used  the  cr i ter ion of stagnation-point  location to establish  the  vaxia- 
t i o n  of "Impact-free-entry"  incidence  angle fo r   i n f in i t e ly  thin circulax- 
arc  sections from potential-flow  theory.  Results deduced from reference 
26 are presented in figure l l(a) . The minim-loss incidence angle is 
negative  for  infinitely  thin  blades and decreases  linearly with carher for  
fixed s o l i d i t y  and  blade-chord  angle. 

While there  is no definite corresponding  incidence-angle  theory f o r  
thick-nose  blades with rounded leading edges, some equivalent results have 
been obtained b'a;sed on the   c r i te r ion  that the location of the  stagnation 
point i n  the  leading-edge  region of a thick blade is the controlling  fac- 
t o r  in the  determination of the  surface  velocity  distributions.  C a r t e r ,  
in   reference 9, showed semltheoretically on th-ls basis  that optimum in- 
cidence  angle (angle a t  maximum lift-drag r a t i o }  f o r  a conventional 10- 
percent - th ick   c i rcuk-arc  blade decreases with increasing  ca&er  angle. 
The results O f  reference 9 were followed by generalized  ylots of optimum 
incidence angle i n  reference 25, which shared, as in f igure  ll(a], that 
optimum incidence  angle  for a 10-percent-thick  C-series  blade  varies  with 
caniber angle, soliclity, and blade orientation. (In these  references, 
blade  orientation was expressed i n  terms of a i r  outlet angle  rather than 
blade-chord  angle.) The plot  for  an  outlet-air  angle of 20' is  shown in 
figure l l (b ) .  Apparently, the  greater the  blade  circulation,  the lower 
i n  magnitude the minimum-loss incidence angle must be. It is reasonable 
t o  expect,  therefore, that the  trends of var ia t ion of minimum-loss in- 
cidence  angle  for  conventional blade sections w i l l  be similar t o  those 
established by thin-airfoil   theory.  

A p r e l i m i w y  examination of experimental  cmcade data showed tha t  
the minimum-loss incidence angles of uncanibered sections ('p = 0) of con- 
ventional  thicknesses were not  zero,  as  indicated  by  theory f o r  i n f i n i t e l y  
t h i n  bliides (fig.  U(a) ) , but alW8gs pos i t ive   in  value. The appearance 
of posit ive values of incidence  angle for thick  blades is a t t r i b u t e d   t o  
the existence of veloci ty   dis t r ibut ione at zero incidence angle that are 
not symmetrical on the two surfaces. Typical p lo t s   i l l u s t r a t ing   t he  high 
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velocit ies  generally observed in the  inlet   region of the lower (pressure) 
surface of th ick  uncmibered blades at zero  incidence angle are shown i n  
figure 12. Agp~u'ently,  increase In incidence  angle  from  the  zero  value 
is  necessmy in order t o  reduce  the  lower-surface  velocity t o  a more 
equi table   dis t r ibut ion  that  results in a minimxu of the over-all loss. 
This zero-camber thickness  effect will appear only fo r  blade-chord angles 
between 00 and 900, since, as indicated by the highly simplified one- 
dimensional model of the  blade  passage flow in figure 13, the  velocity 
distributions a t  these limit angles are symmetrical. 

The effect of blade thickness blockage on "impact-free-entry"  inci- 
dence angle for straight..(ucambered)  blades of constant chordwise thick- 
ness i n  incompressible  two-dimemional flow is investigated  in  reference 
27. The results of reference 27 are  plot ted in terms of  the parameters 
used i n  t h i s  analysis in f igure 14. It is reasonable t o  e q e c t   t h a t  
similar trends of variations of zero-caniber reference minimum-loss inci- 
dence angle w i l l  be obtained f o r  compressor blade prof fles. 

3 
M 

On the  basis of the  preceding aalysis, therefore, i t  is expected 
that ,  for low-speed-cascade flow, reference minim-loss incidence..angle 
w i l l  generally be posit ive at zero camber and decrease with increasing 
camber, depending on so l id i ty  and blade-chord  angle. The available  theory * 
also indicates that the  variation of rderence  incidence  angle with camber 
at f ixed  sol idi ty  and chord  angle might be essent ia l ly   l inear .  I3 so, the 
variations  could be expressed i n  term of"s1ope and intercept  vsluee, 
where the  intercept  value  represents  the magnitude of the incidence  angle 
fo r  the uncanibered section  (function of  blade  thickness, solidity, and 
blade-chord W l e ) .  Reference miaimum-loss incidence  angle may also vary 
with inlet Mach nuniber and possibly  with Reynold6  number. 

,- 

Data Correlations 

Form of correlation. - Although preliminary  theory  indicates that 
blade-chord  angle is the  significant  blade  orientation  parameter, it was 
necessary t o  establish the  data  correlations in terg. .afL  inlet-air   angle,  
as mentioned previously. The observed  cascade data were found to be rep- 
resented  sat isfactor i ly  by a Linear variat3on of reference  incidence angle 
w i t h  caniber angle f o r  fixed so l id i ty  and in le t -a i r  angle. The variation 
of reference minimum-loss incidence  angle  can  then  be  described i n  equa- 
t i on  form as 

i = io 3. ncp 

where io is the  incidence angle f o r  ze ro  camber, and n is the  slope 
of the Fncidence-angle variation with  camber ( i  - io>/@. 
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Since the  existence of a f i n i t e  blade thickness i s  apparently the 
cause of t he  positive  values of io, it is reasonable t o  assume that both 
the magnitude of the maximum thickness and the  thickness  distribution 
cont r ibu te   to   the  effect. Therefore,  since the 10-percent-thick  65-series 
blades of reference 11 are   t o  be used as the  basis f o r  a generalized  cor- 
r e l a t ion  of a l l  conventional  blade  shapes, ;t is proposed tha t  the zero- 
camber reference  incidence  angle be express& i n  the form 

where (io)1o represents  the  variation of zero-caniber incidence  angle for 
the  10-percent-thick  65-series  thickness  distribution, (Ki)t represents 
any correction  necessary for maximum blade thicknesses  other  than 10 per- 
cent, and (Ki)sh represents any correction  necessary  for a blade shape 
w i t h  a thickness  distribution different from that of the 65-series blades. 
(For a  10-percent-thick 65-SerieS blade, (Ki) t  = 1 and (q)sh = 1.) 

The problem, therefore, is reduced to  f inding  the  values of n and 
io (through eq. (3) 1 as  functions of the pertinent  variables  involved  for 

* the  various blade profiles  considered. 

NACA 65-(AlO)-series blades. - From the  extensive law-speed-cascade 
b 

data for   the  65- (Alo) -series blades (ref. 11) , when expressed i n  terms of 
equivalent  incidence and camber angles (figs. 3 and 4), plo ts  of io and 
n can  be deduced that adequately  represented  the minimum-loss-incidence- 
angle variations of the data. The deduced values of io and n as f’unc- 
t ions  of so l id i ty  ELnd inlet -a i r   angle  axe given  for these blades i n  fig- 
ures 15 and 16. The subscript 10 i n   f i g u r e  15 indicates that the io 
values  are  for  10-percent maximum-thickness r a t io .  Values of intercept 
io and slope II were obtained  by fitting a s t r a i g h t   l i n e   t o  each  data 
plot of reference  incidence  angle against camber angle   for  a fixed so- 
l i d i t y  and a i r  inlet angle. The s t ra ight   l ines  were selected so that 
both a satisfactory  representation of the var ia t ion of the  data points 
and a consistent  variation of the  resultin@; n and io values were 
obtained . 

The deduced rule values and the observed data points compared i n  fig- 
ure 17 Fndicate the effectiveness of the  deduced representation. In sev- 
eral configurations,  particularly for low canibers, the range of  equivalent 
incidence  angle  covered i n  the tests was insuff ic ient  t o  permit an accurate 
determination  of a minimum-loss value. Some  of the sca t t e r  of the data 
may be due t o  the ef fec ts  of local  laminar  separation i n  a l t e r ing  the 
range  characterist ics of the  sections.  
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Although the  cascade data in  reference 11 include  values of in le t -  
a i r  angle from 30' t o  70' and values of so l id i ty  from 0.5 t o  1.5, the 
deduced var ia t ions  in   f igures  15 and 16 are extrapolated  to cover wider 
ranges of B1 and 6. The extrapolation of io t o  zero a t  p1 = 0 is 
obvious. According to  theory (fig. 111, the value of the  slope  term does 
not  vanish at p1 =. 0. In figure 16, therefore,   an  arbitrary fairing of 

" 

t he  curves down t o  nonzero  values of n was adopted  aa.l.ndicated. Ac- 
tual ly ,  it is not  particularly  cri t ical   to  determine the exact  value of 
the slope term a t  p1 = 0 necessary to   loca te  t h e  reference  incidence 
angle precisely,  since,  for  such  cases (inlet guide vanes and turbine 
nozzles), a wide low-loss range of operation i s  usually  obtained. The 
solidity  extrapolations were attempted  because of the uniform variations 
of the data d t h  sol idi ty .  However, caution  should be exercised in any 
fur ther  extrapolation of  the deduced variations. 

C-Series circular-arc blades. - The various  thickness  distributions 
.used i n  conibination with the  circular-arc mean line have been  designated 
C. l ,  C.2, C.3, and so for th   ( re fs .  25, 28, and 29). I n  general,  the 
various C-series thickness  distributions are f a i r l y  similar, and have 
the i r  maximum thickness  located at between 30 and 40 percent of the chord 
length. !Che 65-eeries and two of the more popular C-series  thickness dis- 
t r ibut ions (C.l and C . 4 )  a re  compared on an exaggerated  scale  in  figure - 
18. (The 65-series  profile shown is  usually  thickened  near the t r a i l i n g  
edge in  actual  blade  construction. ) 

In  view of the  somewhat greater  thickness  blockage i n  the  forward 
portions of the  C-series blades (fig. 181, it may be  that  the minimum-loss 
incidence  angles  for  zero camber for  the C-seEies blades  are somewhat 
greater  than  those  for  the  65-series  profiles;  that is, ( K i ) s h  > 1. I n  
the  absence of any def ini t ive cascade data, the  value of ($)sh for  the 
C-series  proffles wa6 arb i t ra r i ly   t aken   to   be  1.1. Observed minimum-loss 
incidence  angles  for  an uncambered 10-percent-thick C.4 profile  (obtained 
from ref.  30) are compared in figure 19 with  values  predicted from the 
deduced (io)1o  values  for the 65-seriee  blade  (fig. 15 and  eq. (3))  with 
an assumed value of ( q ) s h  = 1.1. (For 10-percent thickness, (Ki)t = 1.) .. 

In view of the   s imi la r i ty  between the 65- (A,O)-series mean l ine  and 
a true circular  a rc  ( f ig .  31, t h e  appl icabi l i ty  of the slope values in 
f igure 16 to   the   c i rcu lar -a rc  mean l ine  w a s  investigated. For the  recent 
cascade data obtained from tunnels having good boundary:layer control 
(refs. 15 and 31), a check calculat ion  for  t h e  10-percent-thick C . 4  
circular-arc   blades  using  fumes zs and 16 with ( q ) s h  = 1.1 revealed 
good resu l t s .  For the  three  configurations  in  reference 31 tested at 
constant p1 (cp = 3p),  t he  agreement  between . observed . .  and predicted 

- " 

5 .. 
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minimum-loss incidence  angles was within lo. For the  one configuration  in 

minimum-loss incidence  angle was 1.7O greater  than the observed  value. 
However, i n  view  of the general lo t o  2 O  difference between fixed 
and fixed  operation (fig. 101, such a discrepancy is t o  be expected. 
On the basis  of these limited data, it appears that the low-speed minimum- 
loss  incidence  angles  for the C-series circular-arc blade can be obtained 
from the io ami n values  of the 65-series blsde with ( q ) s h  = 1.1. 

I reference 15 tested at constant (cp = 31°), the predicted  value of 

w w 
0, w Double-circular-arc  blades. - The double-circubz-arc  blade is com- 

posed of circular-arc upper and lower surfaces. The a r c   f o r  each surface 
is drawn between the point of maximum thickness at midchord and the tan- 
gent t o  the c i r c l e s  of the leading- and trailing-edge radii. The chord- 
wise thickness  distribution  for  the  double-circular-arc  profile w i t h  1- 
percent  leading- and trail ing-edge radius is shown i n  figure 18. Lack of 
cascade data again  prevents an accurate  determination of a reference- 
incidence-angle rule f o r  the double  circular arc. Since the double- 
circular-arc blade is thinner  than the 65-series blade i n  the inlet   region, 
the zero-camker incidence  angles  for the double-circular-azc blade should 
be somewhat W f e r e n t  from those of the 65-series  section, w i t h  perhaps 
(Ki)shF 1. It can also be assumed, as before, that the slope-term  values 
of figure 16 are va l id   fo r  the doale-circular-arc  blade.  mom an examina- 
t i o n  of the  available  cascade data f o r  the double-circular-arc blade 
(q = 2 5 O ,  u = 1.333, ref. 21; and cp = 40°, u = 1.064, r e f .  281, it ap- 
pears that   the  use of figures 15 and 16 with a value of = 0.7 i n  
equations (2)  and (3) results i n  a Satisfactory comparison  between pre- 
dicted and observed  values  of  reference  incidence  angle. 

t 

Other blades. - Similm procedures  can be appl ied   to  establish ref- 
erence  incidence-angle  correlations  for  other blade shapes.  Cascade data 
are   a lso  avai lable   for  the C-series parabolic-arc blades (refs. 12, 21, 
30, 32, and 33) and the NACA 65- (A~o)-ser ies  blade-(ref. 13) ; b u t ,  i n  view 
of the limited use of these forme in   current   pract ice ,  no attempt was made 
at this time t o  deduce  corresponding  incidence-angle rules for   these  
blades. 

ETfect of blade maximum thickness. - A s  indicated  previously, some 
correction  (expressed here i n  terms of (%It, eq. (3)) of the base values 
of (io)1o obtained from the 10-percent-thick  65-series blades i n  figure 
15 should exist for other  values of blade maximum-thickness ra t io .  Ac- 
cording t o  the  theory of the zero-cardber effect ,  (Kf)t should be zero  for  
zero  thickness and increase as maximum blade thickness is increased, with 
a value of 1.0 f o r  a thickness   ra t io  of 0.10. Although the very limited 
low-speed data obtained f r o m  blad.es of variable   thickness   ra t io  (refs. 34 
and 35) were not  completely  definitive, it was poss ib le   to  establish a 
preliminary  thickness-correction  factor  for  reference  zero-caber  incidence 
angle a s   i n d i c a t d  in f igure 20 for   use in conjunction w i t h  equation (3). 
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Effect  of  inlet Nach  numb&. - The previous  correlations of reference 
minim-loss  incidence angle,)lave a l l  been  based on low-speed-cascade 
data. It appems from limited high-speed data, however, that minimum-loss 
incidence  angle will vary with increasing  inlet  &ch number fo r   ce r t a in -  
'blade shapes. 

. .. 
.. 

The variations of minim-loss  incidence  angle with i n l e t  Mach nuniber 
are plotted  for  several   blade shapes i n  figures 2 1  and 22. The extension 
of the   t es t   da ta   po in ts   to  lower values of i n l e t  Mach  nurriber. could  not 
generally be made because of reduced Reynolds nUna,ers or  insufficient K3 
points  to'estaAlish  the  reference  Location at the  lower Mach numbers. Ln 
some instances, however, it waa possible  to  obtain low-speed values  of in- 
cidence  angle from other  sources. 

Q) 
Kl 
M 

The blades of figure 2 1  show essent ia l ly  no variation of min im- loss  
incidence angle with i n l e t  Mach nmiber, at leas t  up t o  a Mach  nuniber of 
about  0.8.  The'blades of figure 22, however, evidence a marked increase 
in  incidence  angle wi th  Mach nwiber. The difference in the variation of 
minimum-loss incidence  angle with Mach  number i n  figures 2 1  and 22 is  as- 
sociated w i t h  t he  different  way the  general   pattern of  the loss variation 
changes wi th  increasing Mach  number for the  two types of bladee. For the 
thick-noee blades, 88 i l lus t ra ted   in   f igures  8(a) and (b), the  loss coef- 
f icient  lncpeases with Mach number at both  the  high and low incidence 
angles;  thus  tending t o   m a i n t a i i t h e  same point of m i n i m u m  loss. For the 
sharp-nose  blade, as i l lust rated  by  f igures   8(c]  and (a), the- increase i n  
loss occurs  primasily on the  low-incidence-angle side; and a posit ive 
shift ing  of  the minimum-loss incidence  angle  results. Data for  other 
thick-nose  sections in reference 33 show the r i s e  in loss t o  occur a t   both 
ends of the curve, but  plats of reference  fncidence  mgle  against Mach  num- 
ber could not validly  be made for these blades because of evidence of 
strong local laminar-separation  effects. 

Since the most obvious difference between the  blades in  figures 2 1  
and 22 is .the  construction of the leading-edge region, the data  suggest 
t h a t  blades with thick-nose inlet regions  tend t o  Show, for the range 
of i n l e t  Mach  number covered, essent ia l ly  no Mach number effect on minimum- 
loss incidence angle, while-blades with sharp leading edges w i l l  have a 
s ignif icant  Mach nunher effect. The available data, however, me  too  
limited t o  conclusively confirm this  observation  at   this  t ime.  Further- 
more, for the  blades that do show a Mach nurber effect ,   the magnitude of 
the  variation of reference  incidence angle with Mach  number is not cur- 
rently  predictable.  

-. 

The- analysis o f  blade-section  reference  minim-loss  incidence  angle 
shows t ha t  t he  variation of the reference  incidence  angle with cascade 

. 
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geometry at low speed can be establ ished  sat isfactor i ly  i n  t e r n  of an 

duced values of io and n w e r e  obtained as a function  of B1 and u 
from t h e  data f o r  the 10-percent-thick 65-(A10)-series blades of reference 
11 as equivalent  circular-arc  sections (figs. 15and 16). It was then 
shown that, as a first approach, t he  deduced values  of ( io)1o and n in 

. intercept  value io and a slope  value n as given  by  equation (2) .  De- 

w w 
(D 
CEl 

figures 15 and 16 could  a lso  be  used  to   predict  t he  reference  incidence 
angles of the C-series and double-circular-arc  blades by means of a cor- 
rec t ion  (Ki)sh t o  the (io)lo values of figure 15 (eq. (3)). 

The procedure  involved i n  estimating the low-speed reference m i n h u k  
loss incidence  angle of a blade  section is as follows: From known values 
of B1 and Q, (io)1o and n are selected from figures 15 and 16. The 
value of ( K i ) t  f o r  the blade maximum-thickness r a t i o  is obtained from 
figure 20, and the appropriate ?Glue  of ( J C ~ ) ~ ~  is selected  for  the type 
of  thickness  distribution. For NACA 65-series  blades, ($)& = 1.0; and 
it is proposed that ( K i ) s h  be taken as 1.1 for  the  C-series  circular-arc 
blade and as 0.7 f o r  the dale-circular-arc blade. The value  of io is 
then computed from equation (3 1; and, f ina l ly ,  i is determined from the 
blade caniber angle according t o  equation ( 2 ) .  

1 

2 .  
It should be noted that the values  of  (Kf)sh  given f o r  the circular-  

arc blades ere rather tenuous  values  obtained from very limited data. The 
use of t h e  proposed  values is not cr i t ica l  f o r  good accuracy; the values 
w e r e  included primarm f o r  completeness as a ref lec t ion  of t h e  ant ic i -  
pated  differences  in the blade thickness  blockage effects. Further ex- 
perimental data will be necessary to   e s t ab l i sh  the significance of such 
a correction. Also, a marked incresse in reference minimum-loss incidence 
angle with Mach rider is to  be expected - o r  sharp-nose blade sections. 
The magnitude of the Mach number correction  for  these blades is  current ly  
unpredictable. 

IDS3 ANAIYSIS 

4. 

With the location of the law-speed reference minimum-loss incidence 
angle established for  severgl  conventional blade sections, the magnitude 
of the losses occUrring .at this   reference  posi t ion  ( f ig .  5) w i l l  now 
be investigated.  Accordingly, the nature of the  loss phenolnena and 
the  vaxious  factors  influencing the magnitude  of the loss over a range of 
blade configurations and flow  conditions  are f i rs t  analyzed. The available 
experimental loss data are then examined t o  establish fundamental loss 
correlations in terms indicated by the analysis. 
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Preliminary  Analysis . 
Two-ditknsional-cascade  losses arise  primarily from the growth of 

boundary layer on the  suction and pressure  surfaces of the  blades. These 
surface boundary layers come together at the blade traiung edge, where 
they combine t o  form the  blade wake, as shown in figure 23. As a result 
of the  formation of the surface boundary layers ,   a   local   aefect   in   total  
pressure is created, and a cer ta in  mass-averaged loss i n   t o t a l   p re s su re  is 
determined i n   t h e  wake of the section. The loss in to ta l   p ressure  is 
measured in t e r m s  of t he  total-pressure-loss  coefficient E, defined gen- 
e ra l ly  as the r a t i o  of the  mass-averaged loss in   t o t a l   p re s su re  AP acrosa 

M 
Q) 

pr) 
M - 

the blade row from inlet t o   o u t l e t   s t a t i o n s   t o  
dynamic pressure (Po - or 

some reference free-stream 

(4) 

For incompressible flow, Po - po is equal to  the  conventional  free-stream 

dynamic pressure p0@d2. m e  total-pressure-loss  coefficient is usually 
determined from consideration of the total-pressure  variation  across a 
blade spacing s (fig. 23).  

A theoret ical   analysis  of incompressible  two-dimensional-cascade 
losses in reference 22 shows t h a t  the total-pressure-loss  coefficient at 
t h e  cascade-outlet measuring s t a t ion  (where the  s t a t i c  pressure is essen- 
t i a l l y  uniform  .across the blade  spacing) i s  given by 

- 
(5) 

where % is  the loss coefficient based on i n l e t  dynamic head, e"/. is 
the r a t i o  of wake mamenturn thickness t o  blade-chord  length, Q is cascade 
sol idi ty ,  p2 is the a i r   ou t l e t  angle, and Hz is the wake form factor 
(displacement  thickness  divided by momentum thickness). The wake char- 
acter is t ics   in   equat ion (5) axe expressed i n  terms of conventional  thick- 
ness i n  a  plane normal t o  the wake (L.e., normal t o  the out le t  flow) at 
the measuring station.  Definitions of wake character is t ics  and variations 
h v e l o c i t y  and pressure asswned by the analysis are  given  in  reference 
22. The analysis further indicates that the  collection of terms withln 
the  braces is essent ia l ly  secondary  (since Hz is genera l ly ' s  about 
1 .2  at the  measuring station},  with a magnitude of nearly 1 fo r  conven- 
tional  unstalled  configurations. The principal  determinants of the  1068 
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i n   t o t a l   p r e s s u r e  at the  cascade  measuring s t a t ion  are, therefore,   the 

the  aerodynamic fac tor  of w a k e  momentum-thickness r a t io .  
- cascade  geometry fac tors  of so l id i ty ,  alr out le t  and air inlet   angles,  and 

CN 
LN 

al w 

S h c e   t h e  w a k e  is famed f r a m  a coalescing of the pressure- a d  
suction-surface boundary layers, the wake mognentum thickness  naturally 
depends on the developmst of the blade  surface boundary layers and a lso  
on the magnitude of the blade trailing-edge thiclmess. The results Of 
references 22, 34, and 36 indicate, hmmer, that the contribution of con- 
ventional  blade trailing-edge thickness t o  the t o t a l  loss is not  generally 
large for co~qressar   sect ione;  the prel lmhary factor In the  wake develop- 
ment is the blade surface boundary-layer  growth. 31 general, it is b a n  
(ch. V (ref. l), e.g.) t h a t  the boundary-layer growth on the surfaces  of 
the blade is a function primarily of the following factors:  (L) the sur- 
face  velocity  gradients ( i n  both  subsonic d supersonic flow), (2) the 
blade-chord R e y n o l d 8  number, 8;na (3) t he  free-stream turbulence  level. 

Experience has sham that  blade surface ve loc i ty   d i s t r ibu t ions   tha t  
result i n  large amounts of diffusion i n  veloci ty   tend  to  produce r e l a t ive ly  
thick  blade boundary layers. The magnitude  of the velocity  diffusion i n  
low-speed flow  generally depends on the  geometry of the blade  section and 

exerts a further influence on the v e l o c i t y   a f f u s i o n  of a given  cascade 
geometry and orientation. If loca l  supGrsonic velocities  develop a t  high 
inlet Mach numbers, the veloci ty   diffusion is altered by the formation  of 
shock waves and the interact ion of these shock waves w i t h  the blade surface 
boundary layerd. The losses  associated with local  supersonic  flow i n  a 
cascade are generally greater than  for  subsonic flow i n  the same cascade. 
The increases i n  loss are frequently referred t o  a s  shock  losses. 

? 
0 4  

d 
g -  its incidence angle. As Mach n&er is increased, however, compressibility 

t 

Cascade-inlet Mach nufber  also  influences the magnitude  of the srib- 
sonic   diffusion  for  a fixed cascade. This Mach nuther e f fec t  is the con- 
ventional  effect  of  compressibility on the blade veloci ty   dis t r ibut ions 
in subsonic flow. Compressibility  causes the maximum local   veloci ty  on 
the blade surface  to  increase at a faster rate than the inlet and out le t  
veloci t ies .  Accordingly, the magnitude  of the  surface  diffusion from 
maximum ve loc i ty   to   ou t le t   ve loc i ty  becomes greater as inlet Mach n&er 
is increased. A further second- influence of Mach  number on losses is 
obtained  because of an increase in losses associated w i t h  the eventual 
mixing of the wake with the  surrounding free-stream flow (ref. 37). 

On the basis  of the foregoing  considerations,  therefore, it is  ex- 
pected tha t  the principal fac tors  upon which t o  base empirical  cascade- 
wake-thickness  correlatioils  should be velocity  dlfAzsion, inlet Mach 
nuiber,  blade-chord Reynolds nunher, and, if possible,  turbulence  level. 
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Data Correlations 

Velocity  diffusion  based an local   veloci t ies .  - Recently,  several 
investigations have been reported i n  references 22, 23, and 38 on the  
establishment  of simplified d i f f b i o n  parameters and the  correlation of 
cascade losses   in  terms  of these  parametera. The general  hypothesis of 
these  diffusion  correlat ione  s ta tes  that the wake thickness, and conse- 
quently  the magnitude of the  loss i n  t o t a l  preesure, is proportional  to 
the  diffusion  in-veloci ty  on the suction  surface of the  blade i n  the  re- 
gion of the  minimum loss. This hypothesis is based on the  consideration 
that   the  boundary layer on the  suction  surface-of  conventional compressor ... 

blade  sections  contributes  the  major-share  of  the wake In these regions, 
and therefore the suction-surface  velocity  dietribution becomes the gov- ' 

erning  factor  in the determination of the l a s s .  It wae further established 
in   these  correlat ions that, for  conventional  velocity  distributions, the 
diffusion  in  velocity can  be  expressed  significantly 86 a parameter in- 
volving  the  difference between some function  of the  measured. m a x i m u m  
suction-surface  velocity V- and the  out le t   veloci ty  V2. 

.. 

Reference 38 presents  an  analysis of blade-loading limits for   the  
65-(AI0)1O blade sec t ion   in  terms of drag coefficfent and a diffusion * 

parameter  given for  iscolqpressible  flow by (V- 2 - Vg)/$mx. Results of 
an  unpublished  analysis of cascade  losses i n  terms of the momentum thick- 
ness of the blade wake (as suggested i n  ref. 22) indicate that a l oca l  
diffusion parameter i n  the form given  previausly  or i n  the form 
(v- - v~)/v,, can satisfactorily  correlate  experimental  cascade loss 
data. The term "local  diffusion parameter" is used t o  indicate  that  a 
knowledge of the m a x i m u m  local  surface  Velocity is required. The corre- 
l a t ion  obtafned between calculated wake momentum-thickness r a t i o  @*/c 
and local  diffusion  factor  given by 

obtained  for the NACA 65-(A10)-series cascade sections of reference 11at 
reference  fncidence  angle is sham i n  figure 24. Values of wake  momentum- 
thickness  ratio for these data w e r e  computed from t h e  reported wake coef- 
ficient  values  according  to methods similar to  those  discussed  in  refer-  
ence 22. Unfortunately, blade surface ~ e f o c i t ~ - d ~ s t r i b u t i o n  data are not 
avai lable   for  the determination of the diffusion  factor  for  other conven- 
t ional   blade shapes. 

. . "- 

L 

The correlation of figure 24 indicates  the  general   validity of the 
basic  diffusion  hypothesis. A t  high  values of diffusion (greater  than 
about 0.51, a separation of the  suction-surface boundary layer is 
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suggested  by  the  rapid rise i n  the momentum thickness. The indicated 

f r i c t i o n  loss (surface shear s t r e s s )  of the flow and a l so ,   t o  a smaller 
extent,   the  effect  of the  f inite  trail ing-edge  thickness.  The correlation 
of figure 24 further ind€cates that w a k e  momentum-thickness r a t i o  at ref  - 
erence  incidence angle can be estimated from the computed local   d i f fusion 
factor  f o r  a wide range of so l id i t i e s ,  c d e r s  , and inlet-air   angles.  
The loss re lat ions of equation (5) and reference 22 can then  be  used t o  
compute the resul t ing loss i n  the total   pressure.  

- nonzero value of momentum thickness at zero  diffusion  represents the basic 

Velocity  diffusion based on over-all   velocit ies.  - In order t o   i n -  
-dude  the cases of blade shapes f o r  which velocity-distribution data are 
not  available, a diffusion  parameter  has  been estEbblished in  reference 23 
that does not  require a specif ic  knowledge of the peak local  suction- 
surface  veloclty. Although originally  derived f o r  use i n  compressor 
design and a n a l p i s ,  the diffusion  factor of reference 23 can  also be 
applied  in the analysis of cascade  losses. The diffusion  factor  of ref - 
erence 23  attempts, through  several  simplifying  approximations, t o  exyress 
the  local   d i f fusion on the blade suc t ion  surface i n  terms of over-al l  
( inlet   or  outlet)   velocit ies  or  angles,   quantit ies that are readi ly  de- 
termined. The basis fo r  the development of the over-all   'diffusion  factor 
is presented  in detail in   reference 23  and is indicated briefly i n  figure 
25. The diffusion f a c t o r  is given by 

- 
. 

. 

which, f o r  incompressible"f;wo-dimensional-cascascade flow, becomes 

As i n  the case of the local diffusion  factor,  the dif'f'usion fac tor  of 
equation (8) is  r e s t r i c t ed  t o  the region of minFrmun loss. 

Cascade total-pressure  losses at reference minirmrm-loss incidence 
angle are presented  in  reference 23 as a function of diffusion  factor  
f o r  the  blades of reference 11; I n  a further u n p ~ l i s h e d  analysis, a 
composite p lo t  of the variation of  computed w a k e  momentum-thickness r a t i o  
w i t h  D fac tor  at reference minimum-loss incidence angle w a s  obtained 
from the available systematic  cascade data (refs. 11, 12,  and 30) as 
shown in   f igure  26. B l a d e  maximum thickness w a s  10 percent  in a l l  cases. 
A separation of the suction-surface boundary layer at high blade loading 
is indicated  by  the  increased rise i n   t h e  w a k e  momentum thickness f o r  
values of diffusion  factor  greater than  about 0.6. 
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For s i t ua t ions   i n  which the determination of a wake momentum- 
th ickness   ra t io  cannot be made, a significant loss analysis may be ob- 
ta ined if a simplified total-pressure-loss  parameter 56 used that   c losely 
approximates the  wake thickness.  Since  the terms within the braces of  
equation (5) are generally  secmdary  factors,  a loss  parameter of the 

" - 

should consti tute a more fund8mentd  expres- 

sion of the  basic loss across a blade element than  the loss coefficient 
alone. The effectiveness of the subst i tute  losa parameter 

illustrFEted in   f i gu re  27 (a) f o r  all the data for the NACA 65- (AlO)-serfes 
blades of reference 11. (Total-pressure-loss  coefficients were computed 
f o r  the data from re lat ions given i n  ref. 23. ) A generalized  correlation 

can also be obtafned i n  term of q 2a , as shown i n   f i gu re  27 (b), 
but i ts  effectiveness as a separation indicator does not appear t o  be BB 
good. Such generalized loss parameters me most effect ive if the wake 
form  does  not  vary qp rec i ab ly  among the various data considered. 

- COB p 2  

Eflect  of blade maximum thickness. - Since an increase  in  blade 
metximum-thickness ra t io   increases   the magnitude of the  surface  velocit ies 
(and therefore  the  diffusion),   higher va lues  of wake momentum-thickness 
r a t i o  would be  expected  for  thicker  blades. k.m .an analysis of limited 
available  data on varying  blade maximum-thickness r a t i o  (refs. 34 and 35), 
it appears that the effect  of blade  thickness on wake momentum-thickness 
r a t i o  i~ not large for  conventional  cascade  configurations. For example, 
for  an  increase  in  blade maximum-thickness r a t i o  from 0.05 t o  0.10, an 
increase  in  e*/, of about 0.003 at D of' about 0.55  and an increase of 
about 0.002 at D of about 0.35 are indicated. The greater  increase  in 
wake @/c at the  higher  diffusion  level is understandable,  since  the 
r a t e  of change of @/e w i t h  D2 increaaes w i t h  increasing  diffusion 
(see fig. 24). 

If blade surface veloci ty   dis t r ibut ions can be determined, then the 
thickness  effect  w i l l  a u t m t i c a l l y  be included in   the  evaluat ion of the 
resulting l o c a l  diffusion  factor.  When an over-all   diffusion  factor 
such as equation (7) is used, variations  in  blade  thiclmess  ere not re- 
f l ec t ed   i n   t he  corresponding loss prediction. However, i n  view of the 
i 3 m d . l  observed  effect and the sca t te r  of the  or iginal  Q*/c against D 
correlation of figure 26, it is believed that a thickness  correction is 
unwarranted for conventional  thickness  ranges. However, the  analysis 
does indicate   that ,  fo r  high  diffusion and high  sol idi ty  levels, it may 
be advisable t o  maintain blade thiclmess 8,s s m a l l  a,s pract icable   in  order 
t o   ob ta in  the lowest loss  at the  reference  condition. 

L 

- 
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Thus, the plots  of figures 24, 26, and 27 show that, when diffusion 
factor  and wake momentum-thickness ratio  (or  total-pressure-loss  parameter) 
a r e  used as the basic blade-loading and loss parameters, respectively, a 
generalized  correlation of two-dimensional-cascade l o s s  data is  obtained. 
Although several  8ssu1r~tiom and res t r ic t ions  are involved in the use and 
calculation of these parameters, the basic  diffusion approach consti tutes 
a useful t o o l   i n  cascade loss analysis. In particular,  the diffusion 
analysis  should  be  investigated  over the cqmplete  range of incidence an- 
g l e   i n  an e f for t  t o  determine  generalized  off-design loss information. 

- 

Effect of Reynolds nuniber and turbulence. - The effect  of  blade-chord 
Reynolds rimer and turbulence  level on the measured. losses of cascade 
sections is discussed  in the section on Data Selection,  in  chapter V 
( re f .  l), and in   references 11, 15, 39. I n  a l l  cases,  the data reveal  
an  increasing  trend  of loss coeff ic ient  with decreasing Reynolds number 
and  turbulence. Ekamples of the variation of the totai-pressure-loss 
coefficient with incidence angle for  conventional compressor blade 
sections at two different  values of Reynolds number are i l l u s t r a t e d   i n  
figure 28. Loss variations with Reynolds number over a range of  incidence 
angles fo r  8 given blade shape are shown i n   f i g u r e  29. A composite p l o t  
of the variation of total-pressure-loss  coefficient at minimum loss w i t h  
blade-chord Reynolds number f o r  a large number of blade shapes is shown 
in   f i gu re  30. Ident i f icat ion data for  the various blades included  in the 
figure are given i n  the ref-erences. For the blades whose loss data are 
reported  in  terms of drag coefficient,  conversion  to  total-pressure-loss 
coefficient was accomplished  according t o  the cascade  relations  presented 
in  reference 23. The effect  of  change in   tunnel   tu rbulence   l eve l thou& 
the introduction Of screens is indicated  for some of the blades. 

It is apparent from t he  curves i n  figure 30 that it is current ly  
impossible t o  establish any one value of l imiting Reynold6 nmiber t h a t  
w i l l  hold  for a l l  blade shapes. (The t e r m  limiting Reynolds number r e fe r s  
to   the   va lue  of Reynolds nunher at which a large r ise i n  loss is  obtained.) 
On the basis of the  available  cascade data presented in  figure 30, how- 
ever, it appears that serious trouble i n  the  minimum-loss region may be 
encountered at Reynolds nunhers below about 2.5X16. Carter i n  reference 
9 places  the limiting blade-chord Reynolds number .. based on ou t l e t  ve- 
l oc i ty  at 1.5 t o  2 .0x105. Considering tha t   ou t l e t  Reynolds nunher is less 
than h l e t  Reynolds nuuiber for  decelerating  cascades, this quoted value is 
i n   e f f e c t i v e  agreement with the  value of Umiting Reynolds number deduced 
her e in  . 

The des i r ab i l i t y  of conducting  cascade  investigations i n   t h e  essen- 
t i a l l y  f la t  range of t he  curve of loss coefficient against Reynolds nwiber 
i n  order to enhance the correlation of data from various  tunnels, as w e l l  
as from the various  configurations of a given  tunnel, is indicated. Cas-  
cade operation in  the  flat range of Reynolds rider may also  yield a more 
signiTicant comparison between  observed and theore t ica l ly  computed loss. 
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- 
Reynolds number and  turbulence  level  should always be  defined  in cascade 
invest i   a t ions.  Furthermore, the development of some effect ive Reynolds 
number Tch. V (ref. 1)) which attempts  to combine the  effects  of b o t h  
blade-chord Reynolds number and turbulence  should  be  considered  for use 
as  the  independent  variable. 

a 

- 

Effect of inlet Mach nuuiber. - In  the  previous  cofielations,  atten- 
t i o n  w a s  centered on the vazious  factors  affecting the loss of cascade 
blades for essentially  incompressible or l o w  Mach nunibef flow. Tests of 
cascade  sections at higher Mach number levels  have been re la t ive ly  few, 
primarily  because of the  l a r g e  power requirements and operational diffi-  3.  
cul t ies  of high-velocity  tunnels. As a consequence, it has not been 
possible to establ ish any empirical  correlations  that will permit the  
estimation of h c h  number effects  for  conventional  blade  sections. The 
limited available d&ta indicate, however, that a marked rise in loss i s  
eventually  obtained  as  Mch nuniber is increased. 

M co 

.. 

A typ ica l  example of the  variation of total-pressure-loss  coefficient 
with i n l e t  Mach nuTdber f o r  a conventional  cascade  section  at  fixed  inci- 
dence  angle in t he  region  of minimum 10SS is presented in figure  31(a). 
The i n l e t  Mach number a t  which the sharp  r ise  in loss occurs is referred 
t o  as the  l imiting Mach nuniber. The variation of the wake prof i le  dam- 
stream  of the blade as Mach  number is increased is- shown i n  figure 31(b 1 
t o   i l l u s t r a t e   t h e  general deterioration of t he  suction-eurface flow. The 
flow  deterioration is the  resul t  of a separation of the  suction-surface 
boundary layer induced  by shock-wave and boundary-layer interactions.  

- 
-. 

Ln view  of the complex nature of the shock-wave development and its 
interaction  effects,   the  estimation of the  vwiat ion of minimum to ta l -  
pressure loss  with i n l e t  Mach nuniber f o r  a given  blade is currently im- 
possible. A t  the  moment, this pursuit must be p r imar i ly  an experimental 
one. Schlieren photographs sharing  the  formation of shocks i n  a cascade 
are  presented  in  references 40 to  42, and detailed  discussions  of shock 
formations and high-speed  performance of twa-dislensional-cascade sections 
are  treated  in  references 40 and 42 t o  45. Cascade experience  (refs. 2 1  
and 40) and theory (refs. 42, 45, and 46) indicate that a location of the 
point of maximum thickness at about the  50-percent-chord  position and a 
thinning of the  blade leading and t r a i l i n g  edges are favorable  for good " 

high Mach  number performance. The avoidance  of a throat  area  within  the 
blade passage is also indicated in order t o  minimize the  effects  of flow 
choking.  Discussions  of  the choking problem are presented i n  references 
35 and 44, and blade  throat  areas are given  for  several  blade  shapes i n  
references 13 and 47 t o  49. The effects of camber dis t r ibut ion on high 
Mach  number performance m e  discussed  extensively i n  t he   l i t e r a tu re  
(refs. 13, 32, and 33). Results indicate that, f o r  the  range of blade . 

shapes and Mach numbers normally  covered, camber dis t r ibut ion does  not 
have a large  -effect  on m a x i m u m  Mach  number performance a13 obtained i n  
the two-dimensional  cascade. 

- 
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From the  foregoing  correlations and considerations,  the low-speed 
loss in t o t a l  pressure of conventional  two-dimensional-cascade  sections 
can  readily  be  estimated. E blade  surface  velocity  distributions are 
available,   the  suction-surface  local  diffusion  factor Dz is determined 
according to  equation  (6) and a value of e*/c is then  selected from f ig-  
ure 24. In the  absence of blade  surface  velocity data, the  diffusion 
factor  D i s  computed from over-all  conditions by means of  equation (7) 
and e+/c is selected from f igure  26. With B*/c determined, t he  
total-pressure-loss  coefficient LE computed according t o  equation (5) from 
the  cascade geometry  and a pertinent  value  of wake form factor  H. 

: According to   reference 22, for  cascade measuring s ta t ions  located 
more than  about 1/2 chord  length downstream of the  blade t r a i l i n g  edge, 
the  value of H w i l l  generally  be  less  than  about 1.2. For prac t ica l  
purposes, it was indicated that a constant  value of H of about 1.1 can 
be used  over a wide range of cascade  configurations and incidence  angles 

for  measuring s ta t ions  located between t o  1~ chord  lengths  behind  the 
trailing edge. Loss coefficients  based on i n l e t  aynamic head  can then  be 

on the   d i f fus ion   fac tor  D can, for example, produce a value  of  solidity 

diagram. 

1 1 

c1 

P -  
I+ determined, if desired, from equation (8). The estimation of losses  based 

- t h a t   r e s u l t s   i n   t h e  least computed loss coeff ic ient   for  a given  velocity 

The accuracy of the  results obtained  from-the  prediction  procedure 
outlined is subject   to   the  l imitat ions and approximations  involved in the  
diffusion  analysis and wake momentum-thickness cor re la t ions .   S t r ic t ly  
speaking,  the  procedure  gives  essentially a band of probable loss values 

a t  the  cascade measuring s t a t ion  about z to 3 chord  lengths downstream 
of the   b lade   t ra i l ing  edge for the  reference  incidenoe-angle  setting and 
Reynolds nuniters of about 2 . 5 ~ 1 0 ~  and greater at low speed  (up t o  about 
0.3 i n l e t  Mach nuniber ) . It should  also  be  noted at this   point  that the  
loss values  obtained i n   t h i s  manner represent the low-speed prof i le  loss 
of the  cascade  section. Such loss values are not  generally  representative 
of the  losses   of   the   sect ion  in  a compressor blade row o r  i n  a high-speed 
cascade. 

1 1 

A corresponding  loss-estimation  technique  for  high Mach nuiber flow 
is currently  unavailable  because of the  unknown magnitude of the  com- 
p res s ib i l i t y   e f f ec t  on the  wake momentum-thickness r a t i o  of a given  cas- 
cade  geometry.  Furthermore, both  the wake form fac tor  H and the   re la -  
t i o n  between 8*/c and u) (given  for  incompressible  flow  by eq. (5)) vary 
with Mach n&er. For example, if the   ve loc i ty   var ia t ion   in  each leg  of 

- 
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t h e  wake is  assumed t o  vary  according t o  the power re la t ion  

v 

where 6 is the thickness of the  wake and d i s  some constant.  then 
variations of H and 8 9  and of  the  re la t ion between @/c and a, w i t h  
ou t le t  f'ree-stream Mach number can  be  established  analytically  to  i l lus- 
trate the  nature of the  compressibil i ty  effects.  M 

Q) to 
N i  

Curves of the   var ia t ion of the   ra t ios  of compressible t o  incompressi- 
b l e  form factor  and momentum thickness wi th  ou t l e t  Mach 
number for  various d values  obtained from numerical integration of the 
wake parameters  involved are shown i n  figures 32.and 33.. Recently, the 
increasing  trend  of H with % wss substantiated  experimentally at the 
NACA Lewia laboratory  in an  investigation of t he  wake character is t ic  of 
a turbine  nozzle  (unpublished data). Curves of the   ra t io  of the  integrated 
value  of Z obtained from a given  value of e*/c i n  a compressible flow 
to   the  value of computed from the same value of  8*/c accarding t o  the 
incompressible  relation of equation (5) are  shown in   f igure  34. It should 
be  noted tha t  f o r  compressible  flow the denominator in  the  loss-coefficient 
def i n i t i a n  (eq. (4  1 is now given by P - p. 

In summary, therefore,  an  accurate  prediction of the  variation of 
reference  total-pressure loss w i t h  i n l e t  Mach nuuiber for a given c a s c a e  
blade is currently  impossible. A t  the moment, this pursuit  is primarily 
an  experimental one. Families uf curves of w a k e  momerrturn thickness and 
form factor  against  diffusion  factor  are  required  (with  appropriate 
definit ions f o r  subsonic  or  supersonic flow) 88 in   f igure  24 or 26 for a 
wide range of i n l e t  Mach number. Analytically, a simple coqres s ib l e  re- 
la t ion  i s  needed  between #/c and ;; as a function of  Mach number. 

D[EVIATION-NGm ANALYSIS 

Preliminary  Analysis 

The correct  determination of the out le t  flow direct ion of a cascade 
blade element presents a problem, because  the a i r  I s  not  discharged a t  
the  angle of the  blade mean l ine   a t   t he   t r a i l i ng  edge, but at some angle 
So t o  it (fig. 2)  Inasmuch a s '  the flow  deviation is  an expression of the 
guidance  capacity of the passage formed by adjacent  blades, it is expected 
that the  cascade geometry (camber, thickness,  solidity, and chord  angle) 
w i l l  be the  principal  influencing  factor  involved. 

" . .  
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&om cascade  potential-flow  theory (ref. 26, e.g. }, it is found that 
c the  deviation  angle  increases with blade camber and chord angle and de- 

creases with so l id i ty .  Weinig in reference 26 shows tha t  the deviation 
angle var ies   l inear ly  with caniber f o r  a given  value of so l id i ty  and  chord 
angle for inf ini tes imal ly  thin  blades at zero  incidence.  Furthermore, 
w i t h  deviation angle equal t o  zero at z@ro cauiber angle i n  this  theory, 
it is possible t o  express the deviation  angle as a r a t i o  of the cmiber 
angle. Values  of the r a t i o  of deviation angle t o  canber angle f o r  an 
i n f i n i t e l y  thin circular-arc blade of small camber deduced from the 
theory of reference 26 are presented  in  figure 35 f o r  a range of sol id-  
ities and  chord angles. The values i n  figure 35 are for the incidence 
angle f o r  "impact-free  entry"  previously mentioned, which corresponds 
essent ia l ly   to   the   condi t ion  of minimum loss. 

The results of figure 35 show that, f o r  a blade of zero  thickness, 
the minimum-loss deviation  angle is zero at zero camber angle. h l y s i s  
indicates, however, t h a t   t h i s  is not  the  case for blades of  conventional 
thicknesses. A recent  theoretical  demonstration of the existence  of a 
posit ive  value of zero-carciber deviation  angle according to  potential-flow 
calculations is given  by  Schlichting i n  reference 16. The computed. varia- 

p ro f i l e  at zero  incidence  angle as obtained in the reference is shown i n  
- t i o n  of zero-caniber deviation angle f o r  a conventional  10-percent-thick 

4 figure 36. 
3 -  .- 

6 > (0' e ro c 90°) with finite blade thickness set at zero  incidence angle, 

It w i l l  be recalled *om the discussion of the zero-camber minimum- 
loss incidence  angle that, for  the  conventional  staggered  cascade 

a greater  magnitude  of velocity  occurs on the blade lower  (concave} sur- 
face  than on the upper  (convex)  surface (fig. 1 2 ) .  Such veloci ty  dis- 
t r ibut ions result i n  a negative blade circulat ion and, consequently (as 
indicated  by  the  sol id   vectors   in   f ig .  371, in a posit ive  deviation 
angle. Furthermore, since the deviation angle increases s l i g h t l y  w i t h  
Fncreasing  incidence angle (dSo/di is posi t ive i n  potential  cascade 
flow), positive  values of deviation  angle w i l l  likewise be  obtained at 
the  condition  of mini"1oss incidence  angle (as illustrated by the 
dashed vectors i n  fig. 37).  Since the zero-caniber deviation angle arises 
from essent ia l ly  a thickness  blockage  effect, the character is t ics  of the 
var ia t ion of minimum-loss- zero-caniber aeviation angle with cascade geome- 
t r y  would be expected t o  roughly parallel the var ia t ion of the minimum- 
loss zero-camber incidence angle in  figure 15. The low-speed reference- 
deviation-angle  correlations may, therefore,  involve  intercept  values as 
i n  the case of the reference-incidence-angle  correlations. 

.. In add i t ion   t o   t he  cascade-geometry factors  mentioned, t he  low-speed 
deviation  angles  can  also  be  affected  by Reynolds number, turbulence, and 
Mach nmiber. The thickened  surface boundary layers   resul t ing from low 
levels  of Reynolds rider and  turbulence tend to  increase the deviation 
angle .   Variat ions  in   inlet  Mach  number can affect   the   deviat ion angle of 
a f ixed two-dimeneional-cascade  geometry  because of the associated changes 
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in  blade  circulation, boundary-layer development, and o u t l e t   t o  inlet 
axial velocity  ratio  (compressibilLty  effect on pV,). 

B t a  Correlations 

Form of correlation. - Examination of  deviat.ion-angle data at refer-  
ence  incidence  -le  reveals  that  the  observed data can be sa t i s f ac to r i ly  
represented by a l inear   vsr ia t ion of  reference  deviation  angle w i t h  cmiber 
angle  for  f ixed  solidity and air in l e t  angle. me variation of reference rn 
deviation  angle can then  be  expressed i n  equation  form as. 

a 
m Kl 

6' = 6: + mcp 

where 6: is the  reference  deviation  angle  for  zero caniber, m is the  
slope of the  deviation-angle  uariation  with camber (So - SE} /cpJ  and cp 
is the camber angle: As i n  the  case of the analogous  terms i n  the 
reference-incidence-.angle relation  (eq.  (2)) ,  SE and m are  functions 
of inlet-air   angle and so l id i ty .  

The influence of so l id i ty  on the magnitude of the  slope term m 
could also be  directly  included  as a functional  relation  in  equation {lo), 
so that  equation (10) could  be  expressed as 

. -  

where s=l represents the value af m-(i.e.,  (So - 6g)/cp} a t  a so l id i ty  
of 1, b i s  the   so l id i ty  exponent (variable  with a i r  i n l e t  angle ) , and 
the  other  terms are as before. It will be noted'that  equation (11) is  
similar i n  form to   the  f requent ly  used  deviation-angle  rule  for  circular- 
axc blades originally established by Constant i n  reference 4 and later 
modified by C a r t e r  Fn reference 46. C a r t e r ' s  ru le  f o r  the  condition of 
nominal incidence  -angle ia given by 

i n  which mc is a functfon of b l a - c h a d  angle. Values of + deter- 
mined from theoretical  considerations  for  circular-arc and parabolic-arc 
mean l ines  (ref. 4 6 )  a re  shown in figure 38. I n  the ensuing correlat iom, 
both forms of the deviation-angle  relation  (eqs. 10) and (11)) a re  used, 
since each ha6 a par t icular  advantage.  Equation t lo), with m plotted 
as a function of fil and 0,' i s  eas ie r  .to use for  prediction,  espectally 
i f  the  calculation of a required camber angle is involved.. Equation (ll) 
may be be t t e r  for extrapolation and for comparison with  Carter's r u l e .  

- 
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As i n  %he  case  for  the  zero-ca&er  reference  minim-loss  incidence . 
angle,  the  zero-canker  deviation  angle  can be represented  as a function 
of blade thickness as 

w w 
a, w 

where (6~)lo represents  the  basic  variation  for  the  10-percent-thick 
65-series thickness  distribution, (Ks) sh represents any correction net- 

e s s q  for  a blade shape  with a thickness   dis t r ibut ion  different  from 
t h a t  of the  65-series blade, and (Ks)t represents any correction  neces- 
s a r y  f o r  maxim blade  thichesses   other   than 10 percent. (For a 
10-percent-thick  65-series blade, (Ks)t and (Ksj,h are equal  to 1.) The 
problem, therefore, is reduced to   f inding  the  values  of m, b, and 8: 
(through  eq. (13 1 ) as flznctiom of the  pertinent  variables  involved  for 
the  various  blade  shapes  considered. 

NACA 65- (A1o)series blades. - From an  examination of the p lo t s  of 
equivalent  deviation  angle  against  equivalent  canher  angle at reference 

zero-caniber deviation  angle  can be determined by extrapolation. The de- 
duced plots  of ze ro -cde r   dev ia t ion  angle ( 6 ~ ) l o  and slope t e r m  m as 
functions of so l id i ty  and air  inlet angle are presented in f igures  39 and 
40 for   these blades. The subscript 10 indicates that the 6g values 
a r e   f o r  LO-percent maximum-thiclmess r a t io .  V d u e s  of the intercept  term 
6: and the slope  term m were obtained  by  f i t t ing a straight lirie t o  
each data p l o t  of reference  equiva1ent"deviation angle against  equivalent 
carnber angle f o r  a f ixed   so l id i ty  and air inlet angle. The straight l ines  
were selected so that both a sat isfactory  representat ion  of   the  var ia t ion 
of t h e  data points and a consis tent   var ia t ion  for   the  resul t ing 8: and 
m values w e r e  obtained. The extrapolation of the  values of m t o  
B1 = 0 was guided by the  data fo r   t he  65-(l2AlO)1O blade at s o l i d i t i e s  
of 1 and 1.5 reported in the cascade  guide-vane investigation of refer- 
ence 50 (for   an  aspect   ra t io  of 1, as i n  ref. 11). 

- minimum-loss incidence angle obtained from the cascade data, values  of 

.".* 

For the  deviation-angle  rule as given  by  equation (11 } , deduced values 
of  ma,l and exponent b as  functions of inlet-air angle are presented 
in figures 41 and 42. The deduced rule values  (eq. (10) or (11)) and t h e  
observed data points are compared in figure 43 to   ind ica te   the   e f fec t ive-  
ness of the  deduced representations. . The flagged synibols i n   t h e  high- 
caniber range i n  t h e  figure represent  blade  configurations  for which 
boundary-layer s e p z a t i o n  is indicated (D greater than  about  0.62). In 
view of the  higher l o s s  levels   for   this   condi t ion,   an  increase in the 
magnitude of the deviation angle is t o  be expected compared with the  
values  extrapolated f r o m  t h e  smaller cankers for wbich a lower loss l eve l  
existed. 
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C-Series  circular-arc  blades. - In  view of the absence of syste&tic 
cascade  data for the  C-series  circular-arc  blade, an accurate  determba- 
t ion  of  the rule  constants cannot  be made f o r  this blade  shape. However, 
a preliminary  relation  can be deduced an the  basis of l imited  data.  It 
appears t ha t ,  for  the uncambered C.4 section (refs. 12 and 30), if a value 
of equal t o  1.1 (as for  the  determination of io) is used, a sa t -  
isfactory  comparlsm between predicted and observed 8: values is 
obtained . 

The c h a r a c t e r b t i c  number ma,l i n  the  deviation-angle design rule 
of equation (11) f o r  a given blade mean line corresponds t o  the  value of 
(So - 8g)/(p at a sa l id i ty  of unity. Cascade data   for  a c.4  circular-arc 
profile  obtained from tunnels w i t h  good b.oundary-layer control are pre- 
sented in  references 15 and 31 fo r  a so l id i ty .  of 1.0 for = 30°, 42.5', 

45O, and 60°. Values of ( S o  - Sg>/ (p  were computed for  these  blades 
according t o   t h e  6: variations of figure 39. A value of II+~ f o r  
P1 = 0' w a s  obtained from the performance data of a free-stream  circular- 
a r c   i n l e t  guide vane presented i n  reference 51. These values of m a r e  
plotted in figure 44 aga ins t   i d&-a i r  angle, and the proposed variat ion 
of %=1 for  the  c-culm-arc mean l i n e  h. shown by the so l id   l ine .  

In   the absence of data  covering a raee"of so l id i t i e s ,  it was assumed 
tha t   the   so l id i ty  exponent b i n  the  deviation-angle  rule of equation 
(11) is independent of the  prof i le  shape and will . therefore  also be ap- 
plicable for the  circular-arc mean l ine .  This assumption  agrees with 
limited experimental  data. The variaticrn of r a t i o  -of deviation  angle .to 
camber angle  obtained from constant-thickness  cfrcular-arc guide-vane 
sections of reference 52 (8; = @ for guide vanes 1 over a .wfde range 
of s o l i d i t i e s  i s  shown in   f igure  45. A computed variation  based on values 
of b and ma,l obtained from figures 42 and 44, respectively, is shown 
i n  the  f igure  by the   so l id   l ine .  A sat isfactory agreement with these 
circular-arc  data is thus demonstrated f o r  t h e f a h i e  o f  . b  obtained from 
the  65-series  data. On the  basis of these  resuits,  deduced curves of m 
against p1 fo r  a range of sol idi t ies   ( for   use  in   conjunct ion with eq. 
(10)) were computed for the C-series circular-arc  blade as i d i c a t e d  in- 
f igure 46. . .  

. " - 

Double-circular-arc  blades. - Although limited data   are   avai lable  fo r  
t h e  double-circular-&c blade (refs. 2 1  and 281, it was fe l t  that these 
data  could not be r e l i ab ly   u t i l i zed   i n  the construction of a deviation- 
angle rule because of the  questionable  two-dimensionality of the  respec- 
t i v e  tes t  tunnels. Eowever, since  the  C-series and the double-circular- 
arc  blades  dif 'fer only in   thickness   dis t r ibut ion,  it i s  reasonable  to 
expect  that, as in the  case of the  reference-incidence-angle  correlations, 
only the zero-camber deviation angles will be materially affected; 



NACA RM E56B03a 
* 

a 31 

Therefore, the slope-term  value m deduced fo r  the C-series circular-arc 

the  6; values may be different .  An azbi t rar i ly   selected  value of 0.7 
for  (%)sh i n  equation (13) (as   for  the reference-incidence-angle deter- 
mination) is suggested  for the double-circular-arc blade. 

- blade  (fig. 46) might also  be used for  the  double-circular-arc blade, but 

Comparison of rules.  - In view of the  widespread use  of C a r t e r ' s  
w rule (eq. ( 1 2 ) )  with fig. 38) for  predicting  the  deviation  angle of 
00 circul&r-arc-mean-line blade6;"some results obtained from the use of w 
w Carter 's rule were compared w i t h  t he  deduced rule of equation (U> w i t h  

figures 39, 42, and 44. The principal  difference between the two rules 
OCCUTS i n  the blade or ientat ion parameter  used fo r   t he  m var ia t ion and 
i n  the  6: and b vmiat ions.  The value of the so l id i ty  exponent of 
1f2 i n  equation (12) was originally  obtained from limited data. C a r t e r ,  
i n  a later work, (ref. 9)  proposes a va r i ab le  so l id i ty  exponent  and in- 
dicates values  close  to 1 for  accelerating  cascades and c l o s e   t o  1f2 f o r  
decelerating  cascades. The var ia t ion of b obtained  from the EACA 
65-(Alo)-series blades as equivalent  circular arcs i n  figure 42 essen- 
t i a l l y  confirms this trend. k t M l y J  the deviation-angle rule i n  the .. form of equation (ll) const i tutes  a modFfication of Cazter 's rule .  

In addi t ion   to  the basic differences between the rules i n  the magni- - tudes  of the m, b, and 6: values, it is noted that  Carter's rule was 
or ig ina l ly  developed f o r  the condition of nominal incidence  angle, whereas 
the modified r u l e  pertains to the  reference minimum-loss incidence angle. 
However, since  Carter 's  rule has frequently  been used over a wide range 
of reference angle in its application,  both rules were evaluated, f o r  
simplicity,   for the reference minimum-loss incidence  angle. 

An i l lustrative  coqparison of  predicted  reference  deviation  angle as 
obtained  from  Carter's rule and the modified r u l e  f o r  a 10-percent-thick, 
thick-nosed  circular-arc blade is shown by the ca lcu la ted   resu l t s   in   f ig -  
ure 47 for  ranges  of camber angle,  solidity, and inlet-sir angle. Devia- 
t ion  angles in f igure 47 w e r e  restricted  to  cascade  configurations pro- 
ducing  values of diffusion factor  less than 0.6. Blade-chord angle  for 
Carter's rule was  computed from the equation 

Reference  incidence angle was determined from equations ( 2 )  and (3) and 
figures 15 and 16. 

The plots  of figure 47 show that, in pract ical ly  a l l  cases, the 
deviation  angles  given  by  the modified rule a r e  somewhat greater  in mag- 
nitude  than  those  predicted  by C a r t e r ' s  rule for  the  10-percent-thick 
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blade. This is pEu'ticularly  true  for the high inlet-air angles. Thu, 
greater  camber angles  are  requlred  for a given  turning  angle  according 
t o   t h e  modified  rule.  Differences  are even less  for  the  double-circular- 
arc blade, as indicated  in figure 48, since  the 8: values  are  smaller 
for  these  blades.  However, it should  be  kept i n  mind that the magnitude 
of the  factors   in   the modified rule a re  proposed  values  'based on limited 
data. Further  re8earch  ie  required  to  establish the modified r u l e  on a 
f i r m e r  foundation. 

Effect of blade maximum thickness. - Available  data on the  varLation 
of reference  deviation  angle  with  blade  maxim-thickness  ratio obtalfied 
from cascade  investigationa of the 65-(12A10) blade of reference 34 are  
shown i n  figure 49. The so l id  synibols representing  the  values of devisr 
t ion  angle at z e r o  tuckness  were determined by subtracting  the  values 
of (6g)10 obtained from f igure 39 from the  measured value of deviation 
angle at 10-percent maximum thickness  obtained from the  data   in   f igure 
49. A very  reasonable  variation  with  thickness  ratio,  as  indicated by 
t h e  f a i r ed  curves, is thus obtained for a l l  three configurations. The- 
increasing  slope of the  deviation-angle  variation  with  increasing  thick- 
ness r a t i o  is believed due t o  some ekten t   to  the accompanying increase  in 
wake losses.  

Preliminary values of a correction  factor  for maximum-thickness r a t i o  
(%)t deduced from the  data of f igure 49 are  shown in   f igure  50. In the 
absence of further data, it is proposed that  thie  correction m v e  ie also 
applicable  to  other  conventional  blade  shapes. 

Effect of Reynolds mer. - Ln view of the  large rise in loss as 
blade-chord Reynolds nmiber i s  reduced (fig. 30), a correspondin@; rise 
in  deviation  angle  (or  decrease i n  turning  angle) is t o  be  expected. 
Experimental  confirmation of the marked effect  of Reynolds nuniber on blade 
deviation  angle at fixed  incidence  angle is i l l u s t r a t ed  i n  f igure 51 for 
several  compressor blade shapes. The variation of deviation angle with 
Reynolds number over a range of incidence  angle i s  demonstrated in figure 
52. In a l l  cases  the  variation of the  deviation  or turning angle  closely 
para l le l s   the   var ia t ion  of the  loss. Thffefore,  factors  involved Fn the 
deviation-angle  variation  are  the same as  those  for  the loss behavior. 
Correspondingly, no Reynolds number correction  factors that w i l l  be ap- 
p l icable   for  a l l  blade configurations have been established. The deduced 
deviat  ion-angle rule developed herein is applicable at a Reynolds number 
of about 2 .  5x105 and greater.  

Effect of i n l e t  Mach number. - Experimental variations of m F n i M u m -  
loss deviation  angle wi th  i n l e t  Mach  number are presentea  in  f igure 53 
fo r  two circular-arcblades.   Further  cascade-aata-in terms of air-turning 
angle a t  fixed angle of at tack  are  shown i n   f Q w e  54 for two other 

M 
a0 m-- 
M 
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compressor blade  shapes. (Inasmuch as the   da ta   in  fig. 54 w e r e  obtained 
at constant  angle of attack,  the  variation of turning  angle i s  an  inverse 
re f lec t ion  of the   var ia t ion  of deviation  angle.) The data of figures 53 
and 54 indicate   that   deviat ion  angle   var ies   l i t t le   with  inlet  Mach rider 
up to   t he   l imi t ing  value. A s  indicated i n  the  Preliminmy  Analysis  sec- 
t i o n  (p. 27), the   resul tant  Mach  number e f f ec t   fo r  a given  blade  config- 
uration w i l l  depend on the relative magnitude of the  various  factors in- 
volved.  Apparently, the  net   effect  is small up to  the  l imiting  value of 
i n l e t  Mach nmiber.  Lmge .increases in  deviation  angle  can be expected, 
however, when the  loss rises rapidly at the  Umiting Mach nmiber because 
of the  adverse  effects of the shock  formation. (The rise in   deviat ion 
angle i n   t h e  data is  always associated  with  the  sharp rise i n  loss.) 

Variation  with Fncidence angle. - Thus far, of necessity,  the  analy- 
sis has  been  conducted f o r  flow conditions at onLy one reference  position ~ ~~ 

on the  general  curve of loss against  incidence angle. Ultimately; of 
course, it is desired. t o  predict  flow  variations over the   ent i re  range of 
incidence angle. The var ia t ion of deviation  angle  with  incidence  angle 
fo r  a fixed geometry i n   t h e  two-dimensional  cascade is primasily a function 
of t h e  change i n  the  guidance  capacity of the  cascade arising from the  

and  of t he   va r i a t ion   i n   t he  wake loss. Since no information is currently 
available on the   e f fec t  of losses, at tent ion is centered on deviation- 
angle  variations  in  the  region of low loss, where the  trend of var ia t ion 
approaches tha t  of the  potent ia l  flow. 

; 
3 change in  orientation of the approaching  flow (a potential-flow  effect)  . 

Examination  of potential-flow  theory (Weinig, ref. 26, e.g.)  shows 
t h a t  a posit ive  slope of deviation angle against  incidence  angle  exists 
(i.e., deviation  angle  increases  with  incidence angle). Calculations 
based on the theory of Weinig r evea l   t ha t   t he  magnitude of the  slope 
varies  with  solidity and blade-chord  angle. The deviation-angle  slope 
approaches  zero f o r  inf ini te   sol idi ty   (deviat ion  angle  i s  essent ia l ly  
constant at high  solidity) and increases as solidity is reduced. A t  
constant  solidity,   the slope of deviation angle against  incidence angle 
increases as the chord angle is  increased. These trends  indicate phys- 
i c a l l y   t h a t   t h e  greater t h e   i n i t i a l  guidance e f f ec t  (high s o l i d i t y  and 
low blade angle), the less  sensit ive  the  deviation  angle is t o  changes 
i n  incidence  angle. 

For analysis  purposes,  since  the  region of low loss is  generally 
small, the  var ia t ion of deviation  angle  with  incidence  angle  for a given 
cascade geometry in   the   reg ion  of minimum loss can be  represented BS 

where (ao/di),& represents  the  slope of the  deviation-angle,  variation 
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at  the  reference  incidence  angle. An empirical  determination of the 
magnitude of the  slope of t he   vmia t ion  of deviation angle ~ t h  incidence 
angle was obtained from an analysis of the  low-speed experimental data for  
the 65-(A10)10 blades of reference 11. From the p lo t  of deviation  angle 
against  incidence angle for each  configuration- (as in fig. 5, e.g. >, t h e  
slope  of  the  curve at the minimum-loss incidence angle was evaluated 
graphically. The deduced variation of reference  slope magnitude d€j0/di 
obtained f'rom falrings of these values, is presented i n  figure 55 as a - 
function  of  solidity and inlet-air angle.  Qualitative agreement with 
theory is strongly  indicated  by the data. Inasmuch as the phenomenon is 
essent ia l iy  a guidance or channel  effect, it is anticipated that the  siope 
values of figure 55 will also  be  applicable  for  other  conventional  blade 
shapes. Thus, it is possible  to  predict   the  deviation  angle at incidence 
angles other than the  reference  location  within  the low-loss range of 
operation from the  use of  .equation (15) and f igure 55. 

The analysis  of-blade-section  deviation  angle shows that the  varia- 
t i on  of reference  deviation  angle with c a s c d e  geometry a t  low speed can 
be  satisfactorily  established in terms of an  intercept  value 8: and a 
slope  value m as given by equation (10). The experimental data could 
also be expressed i n  terma  of a rule similar in form t o  C a r t e r ' s  rule, 
as indicated by equation (11). Deduced  values of 6: and m w e r e  ob- 
tained as a function of p1 and u from the data for   the  10-percent- 
thick  65-(%0)-series blades of .reference I T a s .  eqdvalent   c i rcular  arc 
( f igs .  39 and 40). Rules for  predicting  the  reference  deviation  angle 
of the  C-series and double-circular-arc blacks were also.deduced  based 
on the  correlations  for the 65-(A10)-series blades and on limited data fo r  
the circular-arc blade ( f igs .  39 and 46) .  

The procedure. involved i n  estimating the  low-speed reference devia- 
t ion  angle of a blade section is as follows: From known values of p1 
and a, (6g)10 is selected from figure 39, and m is selected from f i g -  
ure 40 for   the  65-(Alo)-series blades or f r o m  figure 46 for circular-arc- 
mean-line blades. The value of (Kg)t fo r  the blade maximum-thickness 
r a t i o  i s  obtained from figure 50, and the  approximate value of is 
selected  for   the type of  thickness  distribution. For the  65-series  blades, 
(K6)sh = 1.0, and it  is proposed that (Q)sh  be  taken as 1.1 for   the  C- 
series blades and as 0.7 for the  double-circular-arc blade. The va lueof  
Sg i s  then computed from equatipn (131, and f ina l ly  go is  determined 
from the  blade camber angle  acceding  to  equation (10). As Fn the  case 
of reference io values,  the use of the proposed values of (%Ish i e  not 

f 

.. 
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c r i t i c a l   f o r  good accuracy in   t he  final determination of 6'. Reference 
deviation  angle  can a l s o  be computed according t o   t h e   r u l e  in  the  form 
of equation (ll) i n  conJunction  with figures 41, 42, and 44. 

- 

The caniber angle  required  to produce a given  turniw  angle at the 
reference  condition at low speed  can  readily be calculated  by means of 
the preceding  incidence-angle  and  deviation-angle  correlations when the  
inlet-air angle and blade  sol idi ty   are  known. From equations (11, (2 ), 

CH 
(D 
w and (lo}, the caniber angle as a .  function of the  turning,  deviation, and 
w incidence  angle is 

"- 

a 
VI 

where represents some correct ion  factor   for  blade thickness, such 
that 

- 

durves of the  values of (io)1o - ( 6 ~ ) l o  as a function of and d 

a r e  given i n  figure 56; curves of the  values of 1 - m + n as a func- 
t i o n  of B1 and u are  given i n  f igure 57 (a)  for  the  65-(Al0)-series 
me=-line and in figure 57(b) f o r  the circular-arc mean line; and values 
of are   plot ted as a function of p1 and t/c i n  f igure 58. The 
use of the chart  values of in equation (18) gives  results  within 
about 0.lo of the exact  values  given by equation (17 1. Required caniber 
angle can thus be determined readi ly  by  equation (18) i n  conjunction 
w i t h  f igures 56 t o  58. 

The foregoing  analysis has presented a correlation of available two- 
dimensional  experimental  cascade data in terms of parameters  significant 
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i n  compressor design. The work essentially  presents a summary of the 
state of experimental  cascade  research  with  regard t o  cascade  performance .1 

at the  reference  incidence angle. R u l e s  and. procedures were evolved fo r  
the  prediction of the magnitude  of the  reference  total-pressure loss and 
the  reference  incidence and deviation angles in   sa t i s fac tory  agreement 
with  existing  cascade data. The rules may also  be of help  in  reducing 
the  necessary  experimental  effort i n  the accumulation  of  Rcrther  cascade 
data. 

However, the  present  analysis is incomplete. Many areaa,  such  ae M 
the  deviation-angle rule for  the  double-circular-arc  blade,  require fur- 
ther  data to   substant ia te   the  correlat ions.  Furthermore, additional  in- 
formation  concerning the  influence of high Mach m b e r  and off-design - " 

incidence angles of  cascade  performance is needed. 

Q) 
M 
M 

Finally, it is recognized  that the performance  of a given blade 
geometry i n   t h e  compressor configuration w i l l  differ from the performance 
es tab l i shed   in   the  two-dimensional  cascade. These duferences   resu l t  
from the   effects  of the various  three-dimensional phenomena tha t   occw  in  
compressor blade rows. It is believed, however, t h i t  a f i r m  foundation 
i n  two-dimensional-cascade  flow consti tutes an important s t ep  toward the 
complete  understanding of the compressor fi6w;"The exten t   to  which 
cascade-flow  performance  can  be successf i l ly   u t i l i zed  in compressor de- 
s ign can  only be established from further comparative  evaluations. Such 
comparisons  between observed compressor  performance  and predicted two- 
dimensional-cascade  performance on the b a s h  of the  rules  derived  herein 
are presented  in  chapter VII. 

" 
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Figure 2 .  - Nomenclahre f a r  caecade blade. 
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Figure 3 .  - Equivalent circular-arc man line for NACA 65-(A10)-series blaaes. 
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Figure 4 .  - EQuivalent camber angles  for XACA 65-.(C2;Al0) mean camber 
l i ne  as equivalent circular a rc  (fQ. 3). 
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-8 -4 0 4 8 12 l.6 
Incidence  angle, i, deg 

Figure 5.  - I l lustrat fon of basic performance  parameters for cartcade analysis. 
Data obtained from conventional blade gamietry i n  Lar-speed  two-dimepional 
tunnel. 
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Figure 6 .  - Effect of blade-chord, Reynolds numbr 4 free-etream 
turbulence on minimum-loss coefficient of cascade blade section 
in two-dlmsnsional tunnel, 
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(b) NACA 65-( l 2 ) l O  b lade.   Inlet-ai r  angle, 45O. 

Figure 7. - Loss character is t ics  of cascade blade with 
local laminar separation.  Solidity, 1.5; blade-chord 
Reynolds nuniber, 2.45X16 ( ref .  11) . 
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m (a) C.4 CFrcul&-arc blade. Cauiber angle, 2 5 O j  maximum-thickness ratio,  
ra 
0 0 -10; aolldlty, 1.333; blade-chord *le, 42.5O (ref. 21) . 

c . 

(b) C.4 Parabolic-arc  blade. Camber angle, 25'; maximum-thickness 
ratio,  0.10; solidity, 1.333; blade-chord angle, 37.6O (ref.  21) . 

Figure 8. - Effect of inlet Mach number on loss characteristics of 
cascade blade  sections. 
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(c) Double-circular-arc blade. Camber angle, 25O; 
maximum-thickness ratio, 0.105; solidity, 1.333; 
blade-chord angle, 42.5O (ref. 21) . 

.24 

.16 

.08 

- 10 -5 0 5 
Incidence angle, i, deg 

(a) Shmp-nose blade. Camber angle, 27 5'; 
maximum-thickness ratio, 0.08j solidity, 
1.15; blade-chord angle, 30° (ref. 40). 

Figure 8. - Concluded. Effect of inlet M a c h  
number on loss characteristics of cascade 
blade sections. 
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Incidence  angle, i, deg 

Figure 9. - Definit ion of reference minimum-loss incidence  angle. 

0 
Incidence angle, i, deg 

Figure 10. - Qual i ta t ive  camparison of C a B C a d e  range c w a c t e r i s t i c e  
at constant  blade-chord  angle and cms tan t  inlet-air angle (for 
same value af in   region of minimum loss). 
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camber Eagle, B, 

(a)  "Ipact-free-entry"  incidence (b) "Optimum" Incidence angle f o r  
angle for Infinitely  thin blades 10-percent-thick  C-aeries pro- 
accoraing to potential theory of files according to aemltheoret- 
weinig (ref. 26). 

. al. ( re fa .  25 and 9). Outlet- 
Ical  deveLDpments of Carter et 

air -le, ZOO. 

Figure 11. - Variation of reference  Incidence angle for circular-arc-mean-line blades 
obtained from theoretical or eemitheoretical  investigations. 
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2 (a) Inlet-air angle, 60'; so l id i ty ,  1.5. 
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Figure 12. - I l l m t r a t i o n  of veloci ty   dis t r ibut ion f o r  
uncambered blade of convenlxLonal thickness a t  zero 
incidence  angle. Data f o r  65- (0) 10 blade of r e fe r  - 
ence 11. 
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Figure 13. - Effect of blade thickness on surface velocity  at zero incidence  angle f o r  
uncambered. a i r f o i l  section  according to simplified one-dimensionel  model. 

Figure 14. - Theoretical  vssiation of “impact-free-entry” 
incidence angle for  constant-thickness  uncmfbered  sec- 
tions according to developments of reference 27. 



54 

12 

10 

NACA RM E56B03a 

2 

0 10 20 30 40 50 ..70 
In le t -dr  angle, Bl, deg 

Figure 15. - ReTeFence minluium-loss incidence  angle for zera c&er  deduced 
frcm low-speed-casoade data of 10-percent-thick NACA 65-(Al0)-~eriee 
blades (ref. 11) . 
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Figure 16. - Reference minimum-loss-incidence-angle slope factor aeducea from lm-8peea- 
cascde data f o r  NACA 65-(A10)-series bLadee a8 equivalent circular arcs.  
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(a)  Inlet-air angles of 30' and 45'. 

F'igure 17. - Compsrison of data values ami deduced rtlle vdLues of reference minimum- 
loss incidence angle f o r  65-(%dlO blades as equivalent circular arc  (ref. 11). 



NACA RM E56B03a - 57 

Equivalent camber angle, cp, deg 

( b )  Inlet-alr angles o f  6&' and 70°. 

Figure 17 .  - Concluded. Comparison of data values and deduced 
rule values of reference minimum-lass incidence angle for 
S5-(A10)10 blades as equivalent circular arc (ref. 11). 
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Figure 18. - Comparison of basic thiclmesa distributions  for conventional cmpressor blade sectlone. 
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Figure 19. - Zero-camber minirmun-loss incidence angle f o r  10-percent- 
thick C .4 profile. Solidi ty ,  1.0 (ref. 30) . 
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Figure 20. - Deducedblade maximum-thiclmeas correction for zero- 
c d e r  reference minimum-lose incidence angle (eq. (3)). 
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- (a )  C.4 Circular-arc blade. camber angle, So; solidity, 1.333; blade-chord angle, 
42.5O (ref. 21) . 

(b) C.4 Parabolic-arc  blade. Camber angle, 2 5 O 3  solidity, 1.333; blade-chon5 
angle, 37.503 der a t  40-percent chord (ref. 21). 

Inlet Mach munber, Ml 

(c) C.7 parabolic-arc blade. cardber angle, 40°; solidity, 1.0; blade-chord angle, 
24 .6O;  mnrlrmrm camber at 45-percent chord (ref. 53). 

Figure  21. - Variation of reference minhum-loss incidence  angle  with m e t  Mach n u -  
ber for thick-nose  sections. Maxflrmm-thickness ratio, 0.10. 
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“2. 

(a? Double-circular-arc  blade. C a m b e r  angle, 25’~ maximum-thickness  ratio, 
0.105; solidity, 1.333; blade-chord angle, 42.5 (ref. 21) . 

8 
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0 

-4 
.1 . 2  .3 .4 -5  .6 .7 .a 

Inlet Mach number, MI 

(b) B I ~  section of reference 40. camber -e, =.so; maximum-thickness  ratio, 
0.08; solidity,  1.15; blEi&e-chor& w e ,  30 fmaxirmrm thicknese and caniber at 
50”prcent chord. . .  

Figure 22. - Variation of reference  minimum-loss  incidence -le vith inlet  Mach 
number for  sharp-nose  sections. 
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Figure 23. - Schematic  representation of develapment of surface boundary 
layers  and wake i n  flow about  cascade  blade  sections. 
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Figure 24. - Variatloa of computed wake momentum-thickness ratio 
ath local  m i o n  factor at reference  incidence angle for 
low-speed-cascade data of WCA 65-(A,0)10 blades (ref. 11). 
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Plgure 25. - Basis of development of aiffuaion factor for cascade flow from reference 23. 
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Refer-  Blades - 

o ll HACA 65-(A10)10-serles 
0 12 British C.4 Parabolic a r c -  

0 .1 . 2  .3 .e .7 .8 
Diffusion  factor, D 

Figure 26. - Variation of  computed wake momentum-thickness ratio with over-all diffusion 
factor  at  reference  incidence angle fox low-speed  Bysternatic  cascade data of references 
U, 12, and 30. Blade maximum-thickness ratio, 0.10; Reynolds number, - 2.%105. 
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(b) Based on c. 
Egure 27. - Variation af loss parameter with diffusion factor at reference ~nim- l .o s s  

incidence angle computed from low-speed-cascab data of EIACA 65-(Am)l0  cascade blades 
(ref. la. 
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(a) 65-Series  blade 65-(12)lO. Solidity, 1.5; 
inlet -air angle, 45’ (ref. U) . 

. - .  . 

.10 

0 

(b) Circular-arc blade IoC4/25(550. Sbl id l ty,  1.3333 blade-chord 
aQ3h, 42.5O (ref. 21) . 

Figure 28. - Effect o f  Reynolds nuuiber on variation of lose wlth 
incidence angle. 
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Blade-chord Reynolds number, Rec 

Figure 29. - Variation of total-pressure-loss  coefficient  with 
blade-chord Reynolds number for  parabolic-arc blade 1OC4/40 
Pa. Inlet-air   angle,  2 8 O  t o  40°; so l id i ty ,  1.333 (ref. 39) . 
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Figure 30. - Composite plot of Loss coefficien% .@dnet blade-chord Reynolds 
.. 7 

number in region of minimum loss for two-dimensional-cascade blade 
sections at low speed. 
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.2 .4 .6 .8 1.0 
Inlet Mach number, Ml 

(a) Total-pressure-Loss  coefficient. 

40 
Percent blade spacing, E 

(b ) Blade  wake. 

80 

Figure 31. - Variation of cascade blade loss with inlet Mach 
number for MCA 65- ( 1 2 f i 1 0 ) l O  blade  in region of minimum loss 
(ref. 20). 
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Figure 32. "Ratio of compressible  to  incompressible f o r m  factor  for 
conetant vdue of exponent in power velocity  distribution. 

Outlet Mach  number, M2 

Figure 39. - R a t i o  of compressible  to  incompressible momentum thickness for 
constant full thickness  and  exponent  for  parer  velocity  distribution. 
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Figure 35. - Theoretical   variation of deviat ion-angle   ra t io  
fo r   i n f in i t e ly   t h in   c i r cu la r - a rc  sections at "impact-free- 
entry"  incidence  angle  according t o  potential.  theory of 
reference 26. 

10 20 3 0 '  40 50 
Blade-chorrl angle, yo, deg 

Figure 36. - Theoretical   variation of deviation angle f o r  
conventional  uncanibered  10-percent-thick blade sec t ion  
a t  zero  incidence angle as presented  in  reference  16.  
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Figure 37. - Outlet flow ai rec t ion   for  cascade of 
staggered uncanibered blades. 
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Figure 38. - Yexiation of factor  Q= i n  Caxter’s deviation- 
angle d e  (ref.  46). 



. .  .. . . . . . . . . . .  

a 
rl 
h 

0 0  
u3 

. .  

v 

d 
0 
rl 

d 
Ei 

b 

3 

0 

I . .I 

. .  

, I  I .  3385 

I 
F 



.. . . 

I .  

.. . 

1 ,  I ,  

. .. 

EBEE I 

.5 

. 2  

.1 

0 10 30 40 50 60 70 
Inlet-ab angle, p l ,  deg 

Figure 40. - Deduced wria t ion  of slope factor rn i n  deviatlon-angle r u l e  for HACA 
6 5 - ( h ) - s e l l e s  blsdss as equivalent cimulm arc. 
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F i m  41. - Value of mml i n  devj.ation-augle rule for  65-(A10)-~rles blades 
as e w v d e n e  c ircu lar  arc8 (aeaucea from aata of ref. U). 
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Equivalent  camber angle, cp, deg 

(b.) Solidlt~, 1 . 0 .  

Figure 43. - Comparison between dais values and de&icha rule  valuea-svf reference 
rnlnlim!n-lasa deviation angle for NACA 65-(A10)10-serles bladea 8 8  equivalent 
circular  arcs  (data from ref. 11). 
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Figure 43. - Concluded.  Comparison  between data values and deduced rule values of 
reference minimum-loss deviation angle for NACA  65-(A10)10-series  blades as 
equivalent circular arcs (data from re!. 11). 
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Figure 44. - Deduced values of -1 for circular-arc mean line. 
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Figure 45. - Comparison of experimental deviation-angle 
ratio  and rule values using  solidity exponent given by 
figure 42. Data for cFrcular-arc inlet guide vanes in 
annular cascade (ref. 52). 
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Figure 47. - Comparison of calculated reference devia t ion  
angles according to C a r t e r ' s  r u l e  and deduced modified 
rule for LO-percent-thick,  thick-nose  circular-arc 
blacks. 
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(b) SolFdity, 1.0; inlet-air angle, 60'. 

.gure 48. - Comparison of ca lcu la t ed .   r e f e rence   dev ia t ion  axles - 
according t o  Carter's r u l e  and deduced rmdified rule f o r  circular- 
a r c  blades of different thickness. 
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Figure 49:- Variation of deviation angle with blade maximum-thickness 
ratio for NACA 65-(lZA10) blade in region of minimum lOSS (data from 
ref. 34) . 
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Figure 50. - Deduc-d maximum-thickness  correction for zero-camber reference 
mfnim.m-loss deviation angle (eq. (13)). 
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( 8 )  1ocQ/25C50 blade. Solidity,  1.33; blade-chord 
angle, 42.5* ( re f .  21) . 
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(b ) 10.5 2A/25C50 bib. &lid i ty ,  1.335 blade- 
chord angle, 42.5' (ref. 21) . 

Blade-chord  Reynolds mer, Re, 

(c )  NACA 65-(12)10 blade. Solidity,   1.5j  inlet- 
~;LF -, 4tj0 ( r e f .  11) . 

Figure 51. - Iullstrative variations of reference  deviation 
angle with Reynold8 nmiber. 
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BLrade-chord R e y n o l d s  number, Rec 

Figure 52. - Varlation of deviation angle with Reynolda  number for 1OC4/40 P40 
blade. Gdidity, 1.33 (ref. 39). 
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Figure 53. - Variation of reference deviation angle w l t h  inlet  Mach 
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Inlet Mach number, Kl 

(b) 65-(12Am)IO blade. SOUdity, 1.0; inlet-& angle, 45O; 

angle of attack, 16.5” (ref. 20). 

Figure 54. - Vsriation of air-turning angle xi th  inlet Mach number in region 
Of dEhJDl lOBB. 
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F l w e  55. - Deviation-angle slope dS0/dI at reference  incidence angle deduced from 
low-~perd. data for HACA 65-(Am)lO bMee (ref. u). 
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Figure 57. - Varlatlon of 1 - m + n. 
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Maximum-thickness ratio,  t/c 

Figure 58. - Variation Of thickness-correction  factor 4 for 
csmber  calculation  (eq. ( U) ) . 
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BLADE-EIEWXC FLOW IN ANrmn;AR CASCADES 
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By William H. Robbins,  Robert J. Jacbon, and  Seymour  Lieblein 

SUMMARY 

A blade-element  .analysis  is made of annular-cascade data obtained 
primarily  from  single-stage-compressor  test  installations.  The  parameters 
that  describe  blade-element flow (total-pressure loss  , incidence  angle, 
and  deviation  angle)  are  discussed  with  reference  to  the  many  variables 
affecting  these  parameters.  The  blade-element  data  are  correlated  over a 
fairly  wide  range of inlet  Mach  nmiber  and  cascade  geometry. Two blade 
shapes  are  considered  in  detail,  the  65-(A10)-series  profile and the 
double-circular-arc  airfoil.  Compressor  data  at  three  radial  positions 
near  the  tip,  mean,  and  hub  are  correlated  at  minimum-loss  incidence 
angle.  Curves of loss ,  incidence  angle,  and  deviation  angle  are  presented 
for  rotor  and  stator  blade  elements.  These  correlation  curves are pre- 
sented in  such a manner  that  they m e  directly  related to the  law-speed 
two-dimensional-cascade  results. As far  as  possible,  physical  explana- 
tions of the flow phenomena  are  presented. In addition, a calculation 
procedure is given  to  illustrate  how  the  correlation  curves  could be uti- 
lized  in  compressor  design. 

Axial-flow-compressor  research  has  generally  been  directed  toward 
the  solution of either  compressor  design or compressor  analysis  problems. 
In  the  design  problem,  the  compressor-inlet  and  -outlet  conditions  are 
given,  and  the  compressor  geometry  must be determined  to  satisfy  these 
conditions. In contrast, for the  analysis  problem  the  inlet  conditions 
and  compressor  are  specified,  and  the  outlet  conditions aze desired. 
(The analysis problem is sometimes  referred  to as the  'Tdirect  compressor 
problem . " ) 

There are two  phases of the  axial-flow-compressor  design  problem. 
In the  first  phase  it is necessary  to  prescribe  desirable  velocity  dis- 
tributions  at  each  radius of the  compressor  that  will  ultimately Tul- 
fill  the  design  requirements. A discussion of the  velocity-diagram 

L 
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phase of the  compressor design prtxedure is  given i n  chapter VIII. Second- 
ly, proper  blade sections &e selected at each radial position and seacked 
i n  proper  relation  ta..each other t o   e s t a l i s h  the design  velocity diagrams 
at each  radfus. -- In  order  to  satisfy  the  design  requlrements  successfuUy, 
accurate  blade-raw  design data are needed. Successful  aneysis of  a corn- 
pressor  (the  analysis problem) a l s o  depends upon accurate blade-row data, 
not only a t  the  design  point  but also over a wlde range of flow conditions 
(ch. X ) .  

a 
07 M 
K )  

I n  general, C0~1pTW60r designers have relied  primarily on three 
sources  of  blading  information: (1) theoretical  (potential-flow)  solu- 
tions of the flow  past a i r f o i l  cascades, ( 2 )  low-speed  two-dimensional- 
cascade data, and (3) three-dimensional  annular-cascade data. potential- 
flow solutions have been  used t o  a l imited  extent.   In  order  to handle 
the  complex mathematics  involved in  the  theoretical   solutions,  it i s  nec- 
essary t o  make simplifying assllmptions concerning t h e  flow f i e ld .  Among 
the most important  of  these is the  assu~rption of a two-dimensional flow 
f ie ld   wi th  no losses.  Unfortunately, i n  some cases these assumptions lead 
to   i nva l id   r e su l t s  utlless experimental  correction  factors &e applied t o  
the computed results. These solutions are revlewed i n  chapter IV ( ref .  I) . 

A considerable  mount o f  blade  design data has  been  obtained from r 
low Mach number-experimental.  two-dimensional cascades. A rather complete 
study of the cascade work that has been done t o  date i s  presented  in.  
chapter V I ,  which correlates cascade  data a t  minimum-loss incfdence  angle 
f o r  a wide range of inret conditions and blade Po&dings. &ow-speed two- 
dimensional-cascade  data have been" applied successfilly i n  many compressm 
designs. However, with the design  trends towazd higher Mach numbers and- 
higher  blade  loadinge,  these  cascade results have not always been com- 
pletely  adequate for describing  the compressor flow conditions,  particu- 
l a r l y  i n  regions of the  compressor where three-dimenBional-flow ef fec ts  
predominate. 

. .. . 

. .. 

Because of such effects, it becomes essential t ha t  blade-element data 
be obtained i n  a three-dimensional-compressor~envirament. These three- 
dimensional-cascade data (obtained  primmily from single-stage compreseore) 
may then be used t o  sup'plement  and correct  the  theoretical   solutions and 
the two-dimensional-cascade  information. Some success  has  been  obtained 
i n  correlating  annular-cascade data with  the  theory and t he  two- 
dimensional-cascade-lts ( refs .  2 t o  6 ) ;  however, t he   rmge  of v a r i a -  
bles covered i n  these"investigation6 is not  nearly complete. 

The purpose  of t h i s  chapter is  t o   c o m e h t e  and summarize the  availa- 
b le  compressor data on -a blade-elemen€ basis  f o r  Comparison with the  two- 
dimensional-cascade data of chapter V I .  An attempt- is made to   indicate  .. 

the  regions of a compressor where  Low-speed two-dimensional-cascade data 
can  be  applied t o  compressors  and also  to   indicate   the  regions where cas; 
cade resu l t s  must be madifid f o r  successFul appl icat ion  to  compressor 

.c 
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design. Two blade  sections are considered in detail, the  NACA 65-(A10)- 
series  blade and the  double-circular-arc  airfoil   section.  Particular 
emphasis i s  placed on obtaining  incidence-angle,  deviation-angle,  and loss 
correlations at minimum loss for  blade  elements  near  the hub, mean, and 
t i p   r a d i i  of both  rotor and stator  blades.  Eknpiricsl  correction  factors 
that can be applied  to the two-dimensional-cascade design rules a r e  given, 
and application of the  design rules and correct ion  factors   to  compressor 
design is illustrated. 

0 
(T, m m 

b 

i 

M 

rn 

mC 

n 

D 

. - - - . . - 

SYMBOLS 

The following symbols are used in this  chapter: 

speed  of sound based on stagnation  conditions,  ft/sec 

exponent i n  deviation-angle  relation  (eq. (4).), function  of  inlet- 
a i r   angle  

chord  length,  in. # 

diffusion  factor 

incidence  angle,  angle between inlet-air   d i rect ion and tangent t o  
blade mean camber l i ne   a t   l ead ing  edge, deg 

correction  factor  in  incidence-angle  relation,  function  of blade 
-maximum-thickness r a t i o  and thickness  distribution 

correction  factor in deviation-angle  relation,  function of blade 
maximum-thickness r a t i o  and thickness  distribution 

Mach  number 

factor  i n  deviation-angle  relation at cr = 1 (eq. (4) ), function 
of inlet-air angle 

factor   in   deviat ion-angle   re la t ion (eq. (6)), function  of blade- 
chord angle 

s lope  factor  in  incidence-angle  relation  (eq. (3)), function of 
in le t -a i r  angle and so l id i ty  

t o t a l  o r  stagnation pressure, lb/sq f t  

s t a t i c  or  stream pressure,  lb/sq f t  

radius 
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blade spacing, in.  

t o t a l  or stagnation  temperature 

blade maximum thickness,  in. 

a i r   veloci ty ,   Ft /sec -. 

a i r  angle, angle between' a i r  ve loc i ty  and ax ia l   d i rec t ion ,  deg 

r a t i o  of   specif ic   heats  

blade-chord  angle, angle between blade  chord and ax ia l   d i rec t ion ,  
deg 

deviation  angle,   angle between ou t l e t - a i r   d i r ec t ion  and tangent   to  
blade mean  camber l i n e  a t  traillng edge, deg 

eff ic iency 

boundary- layer  momentum t hicknes 8 ,  in.  

s o l i d i t y ,   r a t i o  of chord t o  spacing 

blade camber angle,   difference between  angles  of  tangents t o  mean 
camber l i n e  a t  leading and t r a i l i n g  edges,  deg 

an@;- velocity  of  rotor,   radians/sec 

total-pressure-loss  coefficient 

Subscripts: 

ad 

C 

GV 

h 

id 

m 

adiabat ic  

c ompr es s or  

inlet  guide  vanes 

hub 

ideal - 1 .  

mean 

4 

. 
c 
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min minimum 

0 zero camber 

R rotor  

S stat or 

ST stage 

t t i p  

Z axia l   d i rec t ion  

e tangent ia l   d i rect ion 

1 s t a t i o n   a t  inlet t o  blade row o r  stage 

2 s t a t ion  a t  exit of blade row or  stage 

2-D low-speed two-dimensional cascade 

10 blade maximum-thickness-to-chord r a t i o  of 10 percent 

Superscript: 

1 relative t o  rotor  

PRELIMINARY coNslDmIoNs 

Blade-Element Concept 

. 

I n  current  design  practice,  the flow dis t r ibu t ion  at the out le t  of 
compressor blade rows is  determined f romthe  flow  characterist ics of the 
individual blade sections  or  elements. The blade-element  approach t o  
compressor design is discussed in d e t a i l  in  chapter 111 (ref. 1) and ref- 
erence 7. To review%riefly,  ax-1-fluw-compressor blades axe evolved 
from a process of radial stacking of individual  airfoil .  shapes called 
blade elements. The bide elements are assumed t o  be along surfaces of 
revolution  generated by ro ta t ing  a streamline  about  the compressor axis; 
this stream  surface of revolution may be approximated by an  equivalent 
cone ( f ig .  1). Ekch element along the  height of the  blade is designed t o  
d i rec t   the  flow of a i r  i n  a ce r t a fn   dbec t ion  as required  by the design 
velocity diagram of the blade row. The basic  parameters defining  the 
flow about a blade element are indicated  in  figure 2. Stated simply, 
blade-element flow is described by the variations of the loss in t o t a l  
pressure across the  blade row and of  the  air-turning  angle with t he  
incidence  angle  (or angle of a t tack) .  
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Factors Affecting Blade-Element Performance 

The flow about a given blade element i n  a compressor configuration 
is different  from that i n  a two-dimensional  cascade  because  of three- 
dimensional  effects in compressor blade rows. These three-dimensional 
effects  influence the magnitude of the  desfgn  incidence angle, the loss 
in   to ta l   p ressure ,  and the deviation  angle. 

Incidence angle. - In the  low-speed two-dimemional  cascade, the 
minimum-loss incidence angle depends on the  blade geometry (camber, 60- 
l i d i t y ,  and blade €hickness ), the inlet-air angle, and inlet Mach number 
(ch. V I ) .  In compressor operation,  several  additional  factors  can alter 
the  minluruz- l o s s  incidence ar@e for  a given element  geometry - f o r  eX- 
ample, differences  in testing procedure. I n  compressor operation,  Inci- 
dence  angle, inlet-air angle, and inlet  Mach nmiber vary  simiLtaneouely; 
in  contrast ,  cascade6 are often  operated w i t h  fixed Inlet-air angle and 
i n l e t  Mach number. Some net  difference i n  the  range characterist ic8 and, 
therefore, t h e  location  of t h e  point of minimum loss between cascade 
operation a t  constant inlet-air angle and compressor tes t  operation  (with 
varying  inlet-air angle) may be obtained. 

I n  addition  to  these blade-elemen-k cornideratione,  of  course,  there 
are sources of differenc'e arising f'rom compressor three-dimensional ef- 
fec ts .  For example, radial variations of minimum-loss incidence angle 
t ha t  are not consistent  with the trends predicted f'rom cascade blade- 
element considerations have been  observed i n  compressor rotors  (refs. 8 
and 9 ) .  Apparently, radial   posit ion may also  be a f ac to r   i n  determining 
compressor minim-loss  incidence angle. 

Total-pressure loss. - In the two-dimensional  cascade, the magnitude 
of the loss  in total   pressure  across the  blade element is determined from 
the growth of  the  blade surface boundary layers  (profile loss). Ia the 
actual compressor, the loss i n   t o t a l  pressure-is- determined not on ly  by 
t h e  prof i le  loss, but  also by the losses induced  by the three-dimensional 
nature of the flow. These t h r e e - d i m e n s i o n a l . . l ~ . 6 ~ ~  result from secondary 
motions  and disturbances  generated by the casing wall boundary layers, 
from blade t i p  clearance, f'rom radial gradients Of t o t a l  energy, and fYom 
interactions of adjacent blade r o w .  The compressor loss picture is fur- 
t h e r  complicated  by the tendency of boundary-layer f lu id  on the compres- 
sor blade surfaces and i n  t h e  blade wake t o  be displaced radially. As a 
consequence of th i s  phenomenon, the loss. m e a s u r e d  downstream of a given 
blade element may not  necessarily reflect the actual  loss generated a t  
t h a t  element, but something more o r  less, depending on the radial loca- 
t ion  of t h e  element. 
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It is expected,  therefore, that the   factors   inf luenchg  the magni- 
tude of the  blade-element loss i n   t h e  compressor w i J l  include  the  factors 
affect ing  the profFLe loss (blade  surface  veloci ty   a is t r ibut ion,   in let  
Mach number, blade-chord Reynolds number, free-stream  turbulence, and 
blade  surface  f inish)  and the  factors  affecting  the  three-dimensional 
losses.  Investigations of  compressor blade-element  losses  based on sur-  
face  velocity  distribution, as expressed i n  terms of diffusion  factors,  
are  presented  in  references 10 and 11. The essent ia l ly  secondary effects  
of blade surface f i n i s h  and trailing-edge  thickness on compressor loss 
are investigated in references l2 and 13. Results of t e s t s  of blade- 
element  performance ( ref .  14 and ch. V ( r e f .  1)) and over-all  performance 
(refs. 15 and 16) at varying Reynolds numbers indicate   that   there  is no 
s igni f icant   var ia t ion   in  loss  fo r  Reynolds nunibers above approximately 
2 . 5 ~ 1 0 ~ .  (Since most of t he  compressor data used in th i s   ana lys i s   a re  
fo r  Reynolds nmibers greater  than 2.5x105, no Reynolds number e f fec ts  are 
’believed to exis t   for   the   da ta . )  Same variations of compressor loss with 
inlet Mach  number have  been  established i n  references 8, 17, and 18. 
These results,JQwever, are not complete indications of mch  nmiber ef- 
fects  (shock-losses),  since  the  corresponding  variations of blade  diffu- 
sion  with Mach  number are not ident i f ied.  An attempt t o  separate the 
var ia t ion of diffusion and  shock losses  with Mach nuniber by means of an 
analysis  based on the  diffusion  factor of  reference 10 is presented i n  
references 9 ana 19. 

Although some aspects o f  the  compressor  three-dimensional-flow phe- 
nomena are known (chs. XIV and XV (ref. 20) ) ,   the   spec i f ic   fac tors   o r  
parameters  affecting compressor three-dimensional  losses have  not  been 
established  for  analysis  purposes. At present,  the  three-dimensional 
loss can be  t reated only on a gross  basis as a difference between the  
t o t a l  measured loss and the predicted  profile loss. 

”- 
Deviation  angle. - In  the  twoldimensional  cascade  the minimum-loss 

deviation  angle  varies primarily with  the  blade geometry  and the   in le t -  
a i r  angle. ExpeGience with compressor operation  indicates  that  blade- 
element minim-loss   deviat ion  angle  is a l so   s ens i t i ve   t o  three- 
dimensional effects. The  two principal compressor e f fec ts  are secondary 
flows and changes in   axial   veloci ty   across   the  blade  e lement .  Secondary 
flows are   t rea ted  in chapter XV (ref. 20) and in   reference 21. Correc- 
t ions  are  established  in  reference 2 1  fo r   t he   e f f ec t  of  secondary  flows 
on the  out le t   angles  of compressor inlet guide  vanes. A t  present, how- 
ever,  rotor and s t a t o r  secondary-flow ef fec ts  can be  t reated only on a 
gross  bas is .  

The e f fec ts  of changes in   ax i a l   ve loc i ty   r a t io  on the  turning  angles 
of a fixed  blade-element geometry are conclusively  demonstrated i n   t h e  
rotor  investigations of reference 4. There are   several   or igins  of  vary- 
ing  axial   veloci ty   ra t io   across  a compressor blade element: (1) contrac- 
t i o n  of the  annulus area across  the  blade row, ( 2 )  compressibility, which 
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var ies   ax ia l   ve loc i ty   ra t io  for a fixed annulw -&rea, and (3) differences 
in   t he  radial gradient  of  axial  velocity a t  blade-row inlet and out le t ,  
which can arise from t h e  effects  of  radial-pressure  equilibrium  (ch. VIII). 
Although several  attempts have been made t o  establish corrections  for t h e  
effect  of  change Fn axia l   ve loc i ty   ra t io  on deviation  angle  (refs. 4 a& 
22), these proposed correction  techniques have n o t  bee.n g i v e r s a l l y  suc- 
cessful. The principal   d i f f icul ty  involved i n  the  axial  velocity  correc- 
t ions i s  the   i nab i l i t y   t o  determine  the  corresponding changes i n  blade- 
c i rculat ion ( i .e . ,  tangential   velocity).  Values of ax ia l   ve loc i ty   ra t io  
w e r e  identified  for  the  deviation-angle data presented,  although no at- 
tempt was made t o  apply any corrections. 

- 

Some of  the  secondary  factors  influencing  deviation angle, such as 
i n l e t  Mach  number and Reynolds number, are investigated  in  references 4, 
8, and 17 .  These resul ts  indicate that the  variations of deviation 
angle wi th  Mach number and Reynolds nuniber a r e  small f o r  the range of 
data corn idered i n  t h i s  survey. 

Correlation Approach 

I n  this chapter,  annular-cascade data are compared with the two- 
dimensional-cascade  correlations of min im- los s  Incidence  angle, t o t a l -  
pressure loss ,  and deviation  angle  of  chapter V I .  In t h i s  way, compres- 
sor investigations serve as both a ver i f icat ion and'an  extension of the 
two-dimensional-cascade data. Two-dimensional-cascade data  correlations 
and rules, i n  conjunction  with  correction  factors deduced from the  three- 
dimensional data, can then be used for compressor design and analysis. 

With t h i s  approa-ch i n  mind, a l l   avai lable   s ingle-s tage  data  were 
collected, computed, and p lo t ted   in  a form considered  convenient fo r  
correlation. "he blade and performance parameters used i n  the analysis 
are similar t o  those used i n   t h e  two-dimensional-cascade correlations of 
chapter V I .  C a m b e r  angle,  incidence  angle, and deviation  angle  (fig. 2 )  
a r e  used to   def ine   the  blade camber, air approach,  and a i r  leaving  direc- 
tions, respectively. These angles a r e  based on tangents to   b lade  mean 
camber l i n e  at the  leading and t r a i l i n g  edges. As i n  chapter V I ,  the  . 

NACA 65-(A10)-series blades a re  considered In terms of the equivalent 
circular-arc camber l i ne   ( f ig s .  3 and 4 of ch. VI ,  pp. 45-44). 

1- 

Loss in   to ta l   p ressure  across the  blade element is expressed in 
terms of the l o s s  parameter w' cos &/Za, where the   re la t ive  total- 
pressure-loss  coefficient 0)' -3s defined as the %sa-averaged defect i n  - %  

- 

. 
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relative  total   pressurerdivided by the pressufe equivalent of the  inlet 
velocity head: 

For stationary  blade-rows, o r  nd change in  streamline  radius  across  the 
rotor ,   the  numerator of equation (1) becomes the  decrease in r e l a t i v e  
t o t a l  pressure across  the  blade row f r o m  i n l e t   t o   o u t l e t .  The r e l a t ive  
total-pressure-loas  coefficient was computed from stat ionary measurements 
of total   pressure and t o t a l  temperature and from the  computed r e l a t ive  
i n l e t  Mach rider according to   reference 10. The total-pressure-loss 
paraueter w '  cos $I/Zu, as indicated in chapter VI, can be used as a 
significant parameter for  correlating  blade lO86eS.  

- 
2 

The diffusion  factor,  which i s  used as a blade-loading  parameter, i s  
defined  in  reference 10 f o r  no change in  radius  as  follows: 

.=(I-;)+ %,1 2 - u v i  %,2 

A typ ica l  example of the  plot ted performance  parameters f o r  a ro tor  
blade row is shown i n  figure 3. The data represent  the  variations  of  the 
flow a t   f i xed   ro t a t iona l  speed. Plots   for   s ta tor   blade rows show similar 
trends of variation. As in  chapter VI ,  a reference point was established 
as the  incidence angle for  minimum loss (fig. 4 ( a ) ) ,  and the  blade-element 
flow was analyzed a t  this-reference  point.  I n  cases where min im- los s  
incidence was not  clearly  defined,  the  reference  point was taken as the 
mean incidence of the  incidence-angle  range  for which values  of 0) at  
the end points  are  twice  the minimum value  (fig. 4 (b) ) . In some in- 
stances,  near  the compressor tip  the  loss-against-incidence-angle  curve 
increased  continuously from a minimum value of Loss parameter a t  the 
open-thrott le  point.   In  presenting  data  for  these  cases several points 
near  the minimum-loss value are plotted.  

- 

One of the  primary  objectives of this analysis i s  t o  determine d i f -  
ferences  in  blade-element performance with compressor radial position. 
Therefore, three radial posit ions along the  blade  span  (near  the hub, 
mean radius, and t i p )  of each  blade row are considered. The rad ia l   pos i -  
t ions at the  hqb and t i p   a r e  approximately 10 t o  15 percent of the  pas- 
sage height away from the  inner and outer  walls,  respectively, which are  
outside  the w a l l  boundary-layer  region i n  all cases. The analysis is 
directed toward correlat ing  the loss and deviation-angle data at  re fer -  
ence  incidence  angle and determining  the  variation of reference  incidence 
angle  with  blade  geometry and Mach nmiber a t   t he   t h ree  radial positions. 
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There are  three  sources o f  three-dimensional-cascade  blade-element 
data:  stationary  annular-cascade  tunnel  investigations,  multistage- 
compressor investigations, and single-stage or single-blade-raw compressor 
investigations. A re la t ive ly  small amount of data has been a c d a t e d  
from blade-row investigations conducted in statlonary annular-cascade  tun- 
nels. Tunnels of . this  type have been  used  primarily  for  inlet-guide-vane 
investigations.  Typical examples of anhular-cascade  tunnel  investigations 
are  reported  in  references 14 and 23. Numerous multistage-compressor in-  
vestigatfons have been  conducted  both i n   t h i s  country and abroad. Unfor- 
tunately,  the data obtained from these  investigations axe too limited t o  
permit t h e   c o n s t r u c t m  of  individual blade-row-element  performance curves 
similar to   those illustrated i n  ?ig-&e 3.. 

- " 

The data used in   th i s   inves t iga t ion  were obtained  primarily from in- 
vestigations  of  single  rotor rows or  of.sin@e-stage compressors. A typ- 
i c a l  single-stage-compressor test ins ta l la t ion  is shown i n   f i gu re  5. Thie 
pazticular compressor consists of a row of i n l e t  guide vanes, a rotor  
blade row driven  by a variable-speed motor, and a stator  blade row. A 
discharge  thrott le i s  ins ta l led   in   the   ou t le t  system t o  vary the compres- 
sor  back pressure. In this manner, the  compressor mass-flow rate can be 
controlled. In 831 ins ta l la t ion  such as this ,  compressor  performance over 
a range of  speeds and mass flows  can be  obtained  simply.  In many cases, 
t e s t   r i g s  similar to   f igure  5 have been  operated wi th  only guide vanes 
and rotors o r  with  rotors  alone. 

Many phases of compressor research have been  conducted i n  single- 
stage-compressor t e s t   r i g s ;  and, in  reporting  these phases, complete 
blade-element results  are  not  usually  presented.  Therefore, it w a s  nec- 
essary  to  collect   available  original data a d  rework them i n  terms of  the 
parameters  of the  analysis.  Since  only NACA or iginal  data were available 
i n  blade-element f m ,  the  data  analysis i s  based  mainly on single-stage- 
compressor investigations conducted st the Lewis laboratory. The  rneaswre- 
ments taken  and  the  instrumentation used vaxy somewhat from compressor t o  
cornpressor; i n  most cases, however, it is  possible from the  available data 
t o  reconstruct complete experimental  velocity diagrams and t o  determine 
the  blade-element pem'formance. Radial survey measwements were made after 
each  blade row. Normally, t o t a l  pressure, s ta t ic   pressure,   to ta l  tempera- 
ture, and air direction were measured. The pressure- and temperature- 
measuring  devices were cal ibrated  for   the  effect  of Mach number. 

Most of the compressor investigations that were adaptable to t h i s  
analysis were conducted on NACA 65-(A10)-smies airfoil ahapes and double- 
circular-arc  airfoils.  Therefore,  the  analysis is concerned. solely with 
these   a i r fo i l s .  The 65-(A10)-series a i r f o i l  has  been used extensively i n  
subsonic  compressors; and the  double-circular-arc  airfoil,  which is a 
relat ively  s imple  a i r foi l  shape,  has  been  used effectively in transonic 
compressors. Details of the  characterist ics of  the  various  blade rows 

I 
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used i n   t h i s   ana lys i s   a r e  summarized in t ab le  I, and de ta i l s  of the  
instrumentation,  calculation  procedure, and accuracy  of measurement are 
given i n   t h e  listed references. 

INCIDENCX-ANGIE ANALYSIS 

Method of Correlation 

In correlating blade-element  reference-  incidence-angle data, meas- 
ured values of incidence angle are comared  with  values  of  reference  inci- 
dence angle  predicted  for  the geometry of t h e  blade element  according t o  
the low-speed two-dimensional-cascade correlations of chapter V I .  I n  
chapter V I ,  t he  low-speed  two-dimensional reference  incidence  angle i s  
expressed in terms of t h e  blade geometry as 

where is a function of blade  thickness  distribution and maximum- 
thickness  ratio,  (io)lo is the  zero-cmiber incidence angle fo r   t he  LO- 
percent- thick  a i r foi l   sect ion  ( funct ion of air inlet  angle p i  and 

s o u a t y  0) , ana n 2s equal t o  [ (1 - io) /q 12-D (a lso a function of 
pi and 6). Values of Ki, and n for   the  c i rcular-arc  and 
65-(A10)-series blade are  repeated  in  f igures 6 t o  8 f o r  convenience. 

The comgarisons  between measured blade-element  reference  incidence 
angle and predicted two-dimensions incidence  angle i2-D are ex- 
pressed in terms  of the  difference (ic - i2-D). Thus, a value of zero 
of the difference parameter  corresponds t o  an  equivalence of the two in- 
cidence  angles. In v iew of the  established tendency  of  the  reference 

. incidence  angle to  increase somewhat with inlet Mach number (ch. V I ) ,  it 
w a s  thought desirable to   p lo t   the   var ia t ion  of  the  difference pasameter 
(ic - iZ--,) against   re la t ive inlet Mach  nuniber for   the  three radial posi- 
t ions at hub , mean , and t i p .  

NACA 65-(A10)-series blades. - The results of the comparison  between 
compressor an3 two-dimensional-cascade reference  incidence  angles  for the 
NACA 65-(A O)-series blades are presented i n  figure 9 fo r  hub- mean- , 
and t ip-rahus  regions.  Both rotor  and s t a to r  data are presented;  the 
s t a to r  data being  represented by the solid  points.   Different values of 
incidence angle f o r  a given sgmbol represent  different compressor t i p  
speeds. As might be expected i n  a correlation of this  type  involving 
data from different  test ins ta l la t ions  and instrumentations,  the data 
are somewhat scat tered,   par t icular ly   in   the hub and t i p  regions. It has 
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not  been  possible iii these  instances t o  evaluate the  significance  or -&I.- 
gin of  the  scat ter .  ( I n  compressor investigations,  instrumentation in; 
accuracy  generally  contributes  heavily t o  the data scatter,   especially at 
hub and t i p . )  Nevertheless,  the  results of the comparison are indicative 
of  t h e  trend6  involved, and it is possible  to make  some general 
observations. 

. " 

. .  

For the  rotor  mean-radius  region, where three-dimensional disturb- 
ances are most l i ke ly  a minimum, the  rotor  ~ ~ ~ - ~ O S S  incidence  angles 
are, on the average,  about lo smaller than  the  corresponding  cascade- 
predicted  values.  This  difference may be a ref lect ion of  some of the  
compressor influences discussed previously. The data a l s o  indlcate  that  
no essential   variation of reference  incidence  angle  with relative i n l e t  
Mach  number ex is t s  up t o  values of Mi of  about 0.8. The 65-(A10)-series 
blade, having a thick-nose  profile,  apiarently  exhibits  the same approx- 
imate constancy of minimum-loss incidence  angle  with Mach  number as   in -  
dicated f o r  the British  thick-nose  C-series  profile  in  the  cascade com- 
parisous o f  chapter V I .  

A t  the rotor   t ip ,   the  compressor reference  incidence  angles  are from 
Oo t o  4 O  less  than  the  predicted cascade values. As in the  case  of  the 
rotor mean radius, no essential   variation.with inlet Mach aunber is  ob- 
served in  the  range of data covered. The lower values of rotor  reference 
incidence  angle were generally  the result of a change i n   t h e  form of  the 
variations of lose against  incidence  angle in the ' rotor ,   as   i l lust rated 
i n  f igure 10. The change in farm may be  explained on the basis of a 
probable  increase in rotor  tip  three-dimensional losses ( c e n t r i f u g w  
of blade boundary layer,  tip-clearance  disturbances,  etc.) w i t h  increasing 
incidence  angle. 

A t  the   rotor  hub, the  s i tuat ion is somewhat conf'used by the wide 
range of data. A tendency of the compressor incidence  angles t o  be some- 
what larger  than  the  corresponding  cascade  values w i t h  an average  value 
of about lo or 2' is indicated. 

For t he  s t a to r  mean-radius  and hub regions,  close agreement  between 
compressor and cascade  incidence  angles is indicated for the  range of 
Mach numbers covered ( to  about 0.7). Considerable  scatter exists i n   t h e  
s ta tor   da ta   a t   the  compressor tip;  therefore, no de f in i t e  conclusion6 can 
be made concerning the v a r i a t i o n s  of  incidence angle. 

Dmble-clzculw--arc  blade. - The resu l t s  of  the double-circular-arc 
airfoil .   correlation are presented  in figure ll, where compressor refer-  
ence  incidence  angle minus low-speed-Casc-ade-me  incidence  angle  (eq. 
(3)) is plot ted  against   re la t ive  inlet  Mach nmfber for   the hub, mean, and 
t i p  radial positions for both  rotors and s ta tors .  The dashed  curve  rep- 
resents  the  variation  obtained  with a 25O-cmber double-circular-mc blade 
i n  high-speed  two-dimensiaa1 c a ~ c a d e  -( ch. VI). 

9" 
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It is immediately  apparent that  rotor  reference  incidence  angle at 
a l l  radial positions  increases  with  increasing Mach number.  The data 
indicate   that   the  magnitude of  the  increase  in  reference  incidence angle 
with Mach  number is larger  at the hub than at the   t i p .  The  hub data 
points  in  f igure ll were obtained from blade  elements  of  relatively high 
camber. Both potential-flow and  low-speed-cascade results indicate   that  
this   type of  configuration is associated  with a negative  value of re fer -  
ence  incidence angle. As i n l e t  Mach nurnber i s  increased,  the  increase 
in  incidence  angle in the  posit ive  direction must b e   f a i r l y   l a r g e   i n  
order  to  avoid high losses  associated  with blade-row  choking. In con- 
trast, a t  Yle compressor t i p ,  since tne  blade cambers are generally 
lower (see tab le  I),  the  low-speed incidence angle i s  higher and the 
required rate of change of incidence angle with increasing Mach  number 
i s  not as large.  Unfortunately, low Mach number data were not avail- 
able  to  permit  extrapolation of the  rotor  incidence-angle  variations  to 
zero hhch nmber   ( level  of cascade correlat ion) .  However, it i s  be- 
l ieved that there will be  very l i t t l e  change i n  the ro tor  Lncidence angle 
for  values of  Mach nmber below about 0.4 t o  0.5. Ektrapolated  values of 
rotor  reference  incidence angle a t  zero Mach  number appear t o  be of the  
order of 0.5O at  the hub, 1.5' at the mean radius, and 2.5' at  t h e   t i p  
below cascade-rule  values. 

The double-circular-arc blade element i n   t h e  compressor rotor  exhib- 
i ts  the  same general  incidence-angle  characteristic w i t h  Mach  number tha t  
w a s  observed f o r  sharp-nosed  blade  sections  in  the  high-speed two- 
dimensional  cascade  (ch. V I ) .  As indicated  in  chapter V I ,  the  increase 
in  reference  incidence  angle  with Mach  number is associated  with  the  tend- 
ency  of the  range  of  the blade t o   b e  reduced o n l y  on the  low-incidence 
side of the loss curve as Mach  number is increased. 

The ro.tor  data f o r  the  double-circular-arc  section,  like  those  for 
the  65-(A10)-scriea  blades, are comparable t o ' t h e  cascade  vasiations a t  
the  mean radius, somewhat higher a t  the  hub a t  the  higher Mach numbers, 
and noticeably lower at  the  t i p .  Apparently, the same ,type of three- 
dimensional phenomenon occurs st t h e   t i p  for both  blade  shapes. 

The ava i ld le  double-circular-arc  stator data are too meager f o r  
any conclusions. 

Summary Remarks 

The var ia t lon of reference  incidence  angle  for  65-(A10)-series and 
double-circular-arc  blade  sections  has  been  presented. No Mach nmiber ef- 
f ec t  on reference  incidence  angle was observed f o r  the  65-(A10)-series 
blades for  the  range of Xach nwibers  considered. I n  contrast ,   the double- 
circular-arc  blade  sections  exhibit  a pronounced var ia t ion of reference 
incidence angle over the  range of  Mach nuzdber investigated.  Significant 
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differences between the two-dimensional-cascade data and the  rotor  data 
were observed at the compressor t i p .  In contrast, at the m e a n  radius and 
hub, the  differences  in  two-dimensional-cascade data and rotor  data were 
re la t ive ly  small, even  though t h e  flow f i e l d  was three-dimensional. 

Additional  data are required  to  determine the  variation of s t a t o r  
reference  incidence  angle,  particularly  for  the  double-circular-arc air- 
foi l   sect ions.  Also, no informtion h a  been  presented  concerning t h e  
allowable  incidence-angle  range f o r  e f f ic ien t  (low-loss) operation and 
t h e  variation  of this range  with inlet  Mach number. Investigations  of 
these  phases  of compressor reseazch are very e s sen t i a l   t o  f i l l  gape i n  
t h e  compressor design and analysis  procedures and warrant  attention i n  
future research programs. . .  

TOTAL-PRESSUFE-LOSE ANALYSIS 

Correlation  of Data 

For two-dimensional-cascade data obtained a t  low Mach numbers, the 
values o f  total-pressure-loss  pwameter (u cos p2/2a plotted  against  

diffusion  factor  (eq. ( 2 ) )  form essent ia l ly  a single curve f o r  a l l  cas- 
cade configurations. The diff'ueion-factor  correlation of loss pa3.8meter 
was applied t o  data obtained over. a range of Mach numbers from single- 
stage axial-flow compressors of  various  geometries-and design Mach num- 
bers. Values of  total-pressure-loss  parmeter  caJculated from single- 
stage-compressor data are plotted  against  diff 'usion  factor  for  the hub, 
mean, and t i p  measuring s ta t ions   in   f igure  1 2 .  Each symbol represents 
the  value  of  diffusion  factor and loss parameter at.reference  incidence 
angle at a given tip speed. Also plotted._afi a dashed w v e  is  the  cor- 
responding correlation  presented i n  chapter V I  f o r   t he  low-speed two- 
dimensional-cascade  data. The data o f  f igure 12, which were obtained 
from the  rotor  and stator  configurations summarized in   t ab l e  I, represent 
both  65-(Alo)-series  and  circular-arc  blade  sections. The plots of f ig -  
ure 12  essentially  represent  an  elaboration-of  the  loss.-diffusion  corre- 
la t ions of reference 10. 

- 

The most important  impression  obtained from the  rotor data p 1 o t s . i ~  
t h e  wide sca t te r  and increasing l o s s  trend-with  diffusion  factor a t  the 
rotor  tip,  while aa discernible  trend of  variatiou is  obtained at the  
rotor  hub and mean r ad i i .  For the  rotor  h& and mean radii, it can be 
assumed tha t   the   ro tor  blade-element l o s s  parameter  foUows the  cascade 
variation  but a t  a higher average magnitude. Unfortunately,  the range 
of diffusion  factor that could  be  cwered i n  the  canpressor tests was not - 

suf f ic ien t   to  determine  whether a marked rise i n  loss  i s  obtained f a r  
values of diffusion  factor greater than about 0.6 (as i n   t h e  cascade). 

.) 
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It is apparent  from the 106s trend and data scatter at the  rotor  
t i p  that a different  loss phenomenon is occurring i n  the  t ip   region.  It 
is recognized tha t  a par t -of   the   sca t te r  i s  due to   the   genera l  instrumen- 
ta t ion  inaccuracy in the  highly  turbulent  t ip  regions.   In view of  t he  
usually  large radial gradients of  loss exis t ing  in   the  blade  t ip   region,  
small variations  in  posit ioning radial survey  probes can c a s e  noticeable 
differences  in   the computed results. Nevertheless, it i s  obvious tha t  
factors  other  than  the  blade-element  diffusion are inf luencing  the  t ip  
loss. The sp&ific three-dimensional  factors o r  origins  involved  in.the 
loss r i s e  a t  t h e   t i p   a r e  not currently known. The principal  conclusion 
reached from the  plot  i s  that  the  Ulrelihood of  a rising loss  trend on 
the   ro to r   t i p  exists f o r  values of diffusion  factor greater than  about 
0.35. 

The s ta tor   losses  at a l l  radial pos i t ions   in  figure 12 appear t o  be 
somewhat higher  than  those of t h e  two-dlmensional  cascade, par t icu lar ly  
at the  higher  values of diffusion factor.  

Summary Remarks 

Rotor  and s t a to r  blade-element loss data were correlated by means 
of the  diffusion  factor.  The losses   for   s ta tor  and rotor  blade elements 
at hub and mean radii w e r e  somewhat higher  than  those  for  the two- 
dimensional  cascade  over the range of diffusion  factor  investigated.  A t  
the   ro tor   t ip ,   the   losses  w e r e  considerably  higher at values  of diffusion 
factor  above approximately 0.35. 

The foregoing  blade-element loss analysis i s  cleazly  incomplete. 
The need for   addi t ional  work i s  indicated  for  such " p o s e s  86 evaluating 
the  or igin and magnitude of the  t ip-region losses. The loading limits 
for   ro tors  at other   than  the  t ip   region and for   e ta tors  at all blade  ele- 
ments have not  been  deteMned,  because, for t he  available data, the dif- 
fusion  factors at reference  incidence do not  extend to   suf f ic ien t ly   h igh  
values.  Single-stage  Investigations are needed over  the  cri t ical   range of 
Reynolds number t o  determine the ef fec t  of Reynolds number on the  blade- 
elemezlt loss. It is desir&le t o  i so l a t e   t he  effects of  velocity diffu- 
sion and  shock waves on the  loss at high Mach  number operation. The loss 
correlations  presented  should a lso  be extended so tha t   the  data are ap- 
plicable  over a range of  incidence  angle.  This would be of extreme value 
i n   t he  compressor analysis problem. 

DEVIATION-ANGLE ANALYSIS 

I n  addition to-Z-s.T&  information  concerning  blade-element  losses 
and incidence  angle, it is, of  course,  desirable  to have a rather  com- 
plete   picture  of the  air deviation-angle  characteristics of axial-flow- 
compressor blade  elements.  Therefore,  the two-dimensional-cascade cor- 
re la t ion  results are reviewed  and  supplemented with  mnular-camade data 
in   this   sect ion.  - 



112 HACA FtM E56Bo3a 
- 

Method  of Correlation 

As in   the  analysis  of reference  incidence  angle,  the  correlation of 
blade-element  deviation  angle a t  reference  incidence is presented  in terms 
of a comparison between  measured blade-element  deviation  angle and devia- 
t ion  angle  predicted  for  the .element according t o   t h e  low-speed two- 
dimensional-cascade  correlations of chapter V I .  In chapter V I ,  the  low- 
speed  two-dimensional-cascade deviation angle at reference  incidence 
angle is expressed in  terms of blade geometry as 

where K6 is 
distribution, 
percent-thick 

a Function  of maximum-thickness-to-chord r a t i o  and thickness 
(6g)10 is the  zero-caniber deviation  angle  for  the 10- 
airfoi l   sect ion  ( funct ion of p i  and a ) ,  m i s  a func- 

t ion  of p i  for  the .different basic camber distributions,  and b i s  an 
exponent t h a t  i s  a lso a flrnction of p i .  

. " 

A s  was shown previously,  the  reference  incidence angle of the com- & 

pressor  blade element m a y  differ somewhat from t h e  corresponding two- 
dimensional  reference  incidence  angle. Inasmuch as deviation  angle w i l l  
vary  with  changing  reference  incidence  angle for a given  blade geometry 
(depending on so l id i ty ) ,   t he  two-dimensional deviation  angles were cor- 
rected  to  the  reference  incidence  angles  of  the conq?ressor blade  elements. 
The corrected  deviation  angle, &s suggested i n  chapter V I ,  is given by 

where (dSo/di) 2-D is  the  slope of the two-dimensional variation of de- 
viation  angle  with  incidence angle at reference incidence. Values of 
Kg, m, b, and (d6°/di)z,n for  the  circular-arc and 65-(Ala)- 
series blade are repeated  in  f igures 13 t o  1 7  f o r  convenience. 

Deviatiou-angle comparisons for  the  double-circulm-arc blade were 
also m a d e  on t h e   b m i s  o f  Carter's  rule far cascade  blades  (ref. 24) :  

0 mC 
'2-D = ,0.5 cp 

where mc i e  a fac tor   tha t  is a function of blade-chord angle (fig.  18). 
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Carter's rule, which has  been  used  extensively i n   t h e  design of 
circulas-arc  blades, w a s  used as the   bas i s   for   the  more elaborate  rule  of 
equation (4 ) .  In the  calculations,  Cater ' s  rule w a s  appl ied   d i rec t ly   to  
the  compressor reference  incidence angles. 

The comparisons  between  measured blade-element  reference  deviation 
angle 6: and predicted two-dimensional deviation angle are  ex- 
pressed  in term6 of  the  difference  parameter (68 - 6SeD) against r e l a t ive  
i n l e t  Mach  number for   the   th ree  radial positions at hub, t i p ,  and mean 
radius. 

NACA 65-(A10)-series  blades. - Curves of compressor deviation  angle 
minus cascade-rule  deviation  angle (eq. (5 ) )  for  the  65-(Alo)-series air- 
fofl f o r  both  rotors and s t a to r s  are plot ted  against   re la t ive inlet Mach 
number for   the  hub, mean, and t i p   r ad ia l   pos i t i ons   i n  figure 19(a). All 
values  of  deviation  angle  correspond to   those at compressor reference  in- 
cidence  angle. As in   the   case  of the  incidence-angle  and loss  correla- 
t ions,   there i s  considerable  scatter  of data, par t icu lar ly   in   the  hub and 
t i p  regions. Some of  the scatter i s  believed due t o  the effects  of three- 
dimensional flows and  changes in   ax ia l   ve loc i ty   ra t io   across   the  element, 
but  perhaps  the most important  factors are instrumentation  differences  and 
errors.  It is  generally  recognized  that it i s  d i f f i cu l t  t o  measure com- 
pressor air angles with an accuracy  better  than  about klo to 1.5O. The 
correlations must therefore  be  evaluated on an average  or  trend  basis. 

The correlation of  rotor  data in   t he  mean-radius region is  f a i r l y  
good; axial   velocity  ratio  variedbetween about 0.9 t o  1.10. On the  av- 
erage,  the  rotor mean-radius deviation angles are about 0 . 5 O  less than  the 
cascade  values.  These results  agree  with  previous  experience  (refs. 4 
and 5), which indicated  rotor  turning angles approximately lo greater 
(i.e., deviation angles 1' less) than  the two-dimensional-cascade resu l t s .  
If data poin ts   for   the   ro tor   t ip  having axid veloci ty   ra t ios  less than 
0.8  are  neglected,  the average deviation  angle i s  about 0 . 5 O  less than 
the cascade  value. Axial velocity  ratio  for  the  t ip-region  unflagged data 
varied between 0.8 and 1.05.  For the  hub, on t he  average, the  blade- 
element deviation  angles were about l.Oo greater  than  the  corresponding 
two-dimensional  values. Hub axial velocity  ratios  varied between 1.0 and 
1.3. As i n   t h e  two-dimensional  cascade  (ch. V I ) ,  no  Mach  number e f f ec t  
on deviation angle i s  indicated  over  the  range  of Mach  number investigated 
fo r  a l l  three  regions. 

For the   s ta tor  mean-radius (Vz,z/Vz,l = 1.0 t o  1.1) and  hub-radius 
(Vz, 2/Vz,1 = 0.85 t o  1.05) regions,  the  average  deviation  angles me both 
about 1.0' lower than  the  corresponding  two-dimemional  values. A t  t he  
s t a to r   t i p ,   t he  average blade-element  value is indicated  to  be about 4 O  

less than  the two-dimensional. value. However, these data a l l  have high 
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axial veloci ty   ra t ios  (from 1.1 t o  1.5). It is  expected  that, on the  
basis of  constant axial velocity,  the  probable  average  blade-element de- 
viation angles at t h e   s t a t o r   t i p  might be several degreeB' c lose r   t o  the 
two-dimensional  values.  (Increasing axid velocity  ratio at essent ia l ly  
constant   c i rculat ion  for   the  s ta tor   tends  to   decrease  deviat ion  angle . )  
As in   the   case  of the  rotor,  no essential   variation of deviation  angle 
with Mach  number is detected  for  the  stator  within  the  range of Mach  num- 
bers  investigated. - 

Double-circular-arc  blade. - Blade-element and two-dimensional- 
cascade  deviation  angles  (eq. (5))  obtained for the  double-circular-arc 
blade are cmpareCin   f igure  19(b). The sca t t e r  of data is  generally 
less than for the  65-(Alo)-series  blades-,  partly  because of the  generally 
more accurate measurements taken  in  these  investigations (all are more 
recent  than  the data of f ig .  19(a>). 

On the  average, at the lower Mach numbers the  blade-element  deviation 
angles were about 1 . 5 O  less than  the two-dimensional. values at t he   t i p ,  
l.Oo greater a t  the, hub, and esual t o  the two-dlmensional values at the  
mean region. Ranges of  axial veldcity  ratio.covered  for  the data were 
0.85 t o  1.05 at the   t ip ,  0.95 to 1.5 at the hub, and 0.90 t o  1.15 at  the  
mean radius. A sl ightly  increasing  trend of variation  with  inlet  Mach 
number may be  indicated a t  t he  mean radius and possibly-  also a t  the hub. 

The dnible-circulw-arc  stator  data  available (solid symbols) are too 
limited  to  permit amy reliable conclusions t o  be &m. - It appears, how- 
ever,  that at the   s t a to r  mean radius, the blade-element  deviation  angles 
may be about 0 . 5 O  less than  the two-dimensional-cascade  values. Thie l e  
essent ia l ly   the same trend observed f o r  the 65-(A10)-series  stators at mean 
radius  in figure 19(a).  Blade-element deviation  angles  appear t o  be 
greater at the  tPp and smaller at the hub than  the two-dimensional  values. 
Ranges of axial   veloci ty   ra t io  were 1.0 t a  1;25 a t  t he   t i p ,  0.95 t o  1.27 
at the mean radius, and 0.9 t o  1.30 at  the  hub. 

Blade-element deviation  angles and two-dimensional  values  predicted 
by  Carter'e rule (eq. ( 6 ) )  are compared i n  figure 20. Inasmuch as Carter's 
rule results i n  values of two-dimensional deviation angle between 0 . 5 ~  t o  
l.Oo smaller than  obtained from the  modified rule of  equation (5) f o r   t h e  
range of blade-element  geometries-included in   the   da ta ,   the  agreement with 
the blade-element  data  remains quite good. 

Summary R e m a r k s  

From the  camparisons o f  measured and predlcted  reference  deviation 
angles f o r  the NACB.65-(Al0)-series and double-circular-arc  blades, it 
was found tha t   the   ru les  de r ived  from two-dimensional-cascade data can 

c 
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- sa t i s fac tor i ly   p red ic t   the  compressor reference  blade-element  deviation 
angle in   t he   ro to r  and s t a to r  mean-radius regions  for the blade  configu- 
rations  presented.  Larger  differences between rule and  measured values 
w e r e  observed i n   t h e  hub and t i p  regions. These differences  can  be at- 
t r i bu ted   t o   t he   e f f ec t s  of three-dimensional  flow,  differences i n   a x i a l  
velocity  ratio,  and measurement inaccuracy. A s  i n   t h e  cascade,  essen- 
t ially  constant  devtation angle with Mach  number w a 8  indicated for the  
Mach  number range  covered.  Additional s t a to r  blade-element  data,  partic- 

w 

0 
w ularly  for  the  double-circular-arc blade, are required  to  establish  the co stator   correlat ions more firmly. 

APPLICATION TO DFSIGN 

Design Procedure 

The foregoing  correlations  provide a means of es tabl ishing  the ref- 
erence  incidence  angle and estimating  the  corresponding  deviation  angle 

designs similar to   those  covered in   the   ana lys i s .  This is  accomplished 
by establishing deduced curves of  compressor blade-element  incidence- 
angle and deviation-mgle  corrections  for  the low-speed  two-dimensional- 
cascade  rules of chapter V I .  Reference  incidence and deviation  angles 
fo r   t he  compressor blade  element are then  given  by 

UI 

d- 

P and total-pressure loss for   rotor  and stator  blade  elements  of compressor 

&- 
- 

I C  = i2-D + (LC i2-D) (7) 

and 

where iZ-= and are given  by  equations (3) and by (5) or  (6) ,  
respectively. Curves of incidence-angle and deviation-angle  corrections 
deduced from the  rotor  blade-element data of  figures 9, 11, 19, and 20 
a re  shown as functions of re la t ive  inlet Mach  number for  s e v e r a l  radial 
positions  along  the blade height   in   f igures  2 1  and 22. The curves i n  
figures 2 1  and 22 are fa i red  average values of t he  data spread and, 
s t r i c t l y  speaking, represent bands  of  values. I n  view of the very l i m -  
i t e d  data available, compressor correction  curves  could  not  reliably be 
established  for  the  stator  deviation and incidence angles. 

Establishing single deduced blade-element loss curves a t  reference 

perimental  data,  especially i n  the  rotor  t ip  region.  Nevertheless,   for 
completeness in  order  to  i l lustrate  the  prediction  procedures,  curves of 

- . incidence  angle is a d i f f i c u l t  task because of t he   s ca t t e r  of the ex- 

- average  total-pressure-loss  pmameter as a function of diffuston  parameter 
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obtained from the  data of figure 12 are  shown i n  figure 23 for   ro tor  and 
s ta tor .  The shaded portion in the  figure indicates  the  possible band o f  
values  obtainable a t  the ro tor   t ip .  

The procedure  involved in determining  blade-element c d e r  angle 
and efficiency at reference  incidence  angle  for a compressor design  based 
on t h e  blade-row velocity diagram and the  foregoing  correltttion  curves is 
now indicated. The desired  blade-element  turning  angle (j3* - j3;) and 

re la t ive  inlet Mach  number M;_ are obtained.from  the  design  velocity 
diagram. Camber and turning  angles are related  by the equation 

1 

Compressor blade-element  incidence  (eqs. (3) and ( 7 ) )  and deviation  (eqs. 
(5) and (8))  angles  are  given by 

ic  = K i ( i 0 ) l O  + ncp + (ic - i2 -D)  (10 1 

. 

Substitution of equations (10) and (11) into  equation (9)  and rearrange- h 

ment of terms yield: 

A l l  t e r n  on the right side of equation (12) can  be  determined from 
the  velocity-diagram  properties,  the  specified  blade shape and thicknese, 
and the  specified  solidity.  After the  caniber angle is determined, the  
incidence and deviation  angles can be  calculated from equations (10) and 
(11). Rotor blade-element loss parameter i s  estimated from the  velocity- 
diagram diffusion  factor and the  curves of f igure 1 2 .  The total-pressure- 
loss coefficient i s  then  readily  obtained from the blade-element RO- 
l i d i t y  and re la t ive  air outlet  angle. Blade-element eff ic iencies   for   the 
rotor  and complete stage c m  be computed by means of the  techniques and 
equations  presented  in  the  agpendix. If the change in   radius   across   the.  
blade row can  be assumed small, blade-element  efficiency can be  determined 
through  the  use of  figures 24 t o  26 from the  selected  values of and 
the  values  of hLj. and absolute  total-pressure  ratio  or  total-temperature 

ratio  obtained from the  velocity diagram. 
. . . .I ." . " 
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The foregoing  procedure can bes t   be   i l l u s t r a t ed  by a numerical ex- 
ample. Suppose the  followdng specified  rotor design values  represent 
typical  values a t  10 percent af the  passage  height from the  compressor 
t i p  : 

p i  = 56.9O 

p i  - f%; = 10.90 

M i  = 1.1 obtained from velocity-diagram 
calculations ( c h . V I I I  ) 

D = 0.35 

u = 1.0 

t / c  = 0.06 
assumed vaiues 

The problem is to   f i nd   t he  camber, incidence, and deviation angles 
and the  total-pressure-loss  coefficient  for a double-circular-arc  airfoil 
sect ion  that  will establish  the  velodty-diagram  values. 

(1) From the  value of Mi and figures 21(b) and 22(b) ,  

(2) From the  values of p i ,  6, and t / c  and figures 6 t o  8 and 
13 t o  17, 

KT = 0.54 (io>lo = 4 . 4 O  n = -0.22 % = 0.37 

(6:)lo = 1.6O m = 0.305 b = 0.714 (g)2-D = 0.095 

(3) When the  values of steps (1) and (2) are substi tuted in equation 
(12),  the  value of blade camber cp = 8 . 4 O .  

(4) From equations (10) and (ll), ic = 4.5 and 8: = 2.0. 
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(5) For calculation of the  total-pressure.-lo-ss  coefficient,  the. Uf- . 
fusion  factor (0.35) and figure  23(a)  yield a value of (0.025) for   the 
loss parameter (E' cos $; ) /Zc ,  and 

i -  .. 

COS $ A  = 0.6947 

Therefore, " 

( 6 )  For a negligible change in  radius  across  the  blade element, the 
following  values can be found from figures 24 and 25: 

Pi p2 - =  0.962 .'lad = 0.87 - = 1.31 
'i 5 

The preceding exanrple has been carried  out for a typical  transonic 
rotor blade section. A similar procedure can be  used for stator blade 
sections when adequate  blade-element data become available. 

S m a r y  Remarks 

The Toregoing procedures and dsta a m l y  only to  the  reference  point 
( i .e. ,   the  point of minimum loss) ou the  general  loss-against-incidence- 
angle  variation  for a given  blade  element. The reference  minim-loss 
incidence  angle, which was established  primarily  for purposes o f  analysis, 
i s  not  necessarily  to  be  considered as a recommended design  point  for com- 
pressor  application. The selection of the  best  incidence  angle  for a par- 
t icular   blade element i n  a multistage-compressor  design is  a f'unction of  
many considerations, such  as the  location of the  blade row, the  design 
Mach  number, and the  type and application  of the design. However, a t  
t ransonic   inlet  Mach  number levels,  the  point of  minimum loss  may very 
well  constitute a desired  deslgn  setting. 

m 0 
K) 

"M 

A t  any rate, the  establishment of flow angles a d  blade geometry at 
the  reference  incidence  angle can serve as an anchor point for the  deter- . 
mination of conditions  at  other  incidence-angle  settings. For deviation- 
angle and loss v&la t ions  over the  complete range o f  incidence  anglee, 
reference  can be made to   avai lable  cascade data. Such.low-speed  cascade 
data ex is t  f o r  the NACA 65-(A10)-seeries blades  (ref.  25). 

. 
- 
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It is recognized that many qualifications and l imitations exist i n  
the  use of  the  foregoing  design  procedure  and  correlation data. For bes t  
results,   the  application of the  deduced variations  should  be  restricted 
to   t he  range of blade  geometries ( c d e r ,   s o l i d i t y ,   e t c . )  and flow condi- 
t ions   ( in le t  Mach nmiber, Reynolds nmiber, axial velocity  ratio,  etc.) 
considered in   the  analysis .  I n  some cases fo r  compressor designs  with 
very low turning angle, the  calculated camber angle may be negative. For 
these  cases it is recommended t h a t  a zero-camber blade section  be  chosen 
and the  incidence angle selected  to  satisfy  the  turning-angle  require- 
ments. The data  used i n  the analysis were obtained  for  the most par t  
from typical  experimental  inlet stages with  essentially uniform inlet 
flow.  Nevertheless,  such data have been  used  successfully  in  the  design 
of the latter stages of multistage compressors. It should a l s o  be remem- 
bered  that   the  single w v e s  appearing i n  the  deduced variations  repre- 
sent  essentially  average  or  representative values of the  emerimental 
data  spread. Also, i n  some cases,   particularly  for  the  stator,   the ava i l -  
able data are rather  Umited to  es tabl ish  re l iable   correlat ions.  Consid- 
erable work must yet be done to   place  the  design curves on a firmer and 
wider basis. The design  procedures  established and trend6 of variation 
determined from the  data, however, should  prove useful i n  compressor 
blade-element - 

- 

design. 
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EQUATIONS FOR BLADE-ELEMENT E F F I C m C Y  

By def ini t ion,   for  a complete s tage  cmsiet ing of i n l e t  guide vanes, 
rotor, and stator,  the  adiabatic  temperature-rise  efficiency of the flow 
along a stream  surface is given by - 

From the  developments  of reference 26 (eq. (B8) in  the  reference),  the 
absolute  total-pressure  ratio  across a blade row  P2/P1 can be related 
to  the  relative  total-pressure  ratio  across  the  blade row Pi/'; accord- 
ing to   the   re la t ion  

- 
" 

(z)  
r4) p1 i d  

where (Pi/Pi)id i s  the ideal (no 10136) relative  total-pressure  ratio.  
The relat ive  total   pressure is  also  referred  to  as the blade-row  recovery 
factor.  For s ta t ionmy blade rows, (i. e. , i n l e t  guide vanes and s ta tore) ,  
(P;/Pi)id i s  equal $0 1.0. For rotors,   the  ideal relative total-preseure 
r a t i o  (eq. (B4) of  r e f .  10) is  given by 

i n  which % is equal t o   t h e   r a t i o  of the  out le t  element  wheel  speed t o  
the  inlet   relative  stagnation  velocity of sound (m2/a;,l), and (rl/r2) 
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i s  the   r a t io  of inlet to outlet   radius  of the  streamline  across  the blade 
element.  (For a flaw at constant  radius  (cylindrical flow) , (Pi/Pi) id 

is equal t o  1.0.) Thus, from equations (Al) and [ M ) ,  

For the  rotor  alone,  the  blade-element  efficiency is given  by 

From equation (B3) of reference 10, the  loss  coefficient of the  
rotating  blade row (based on i n l e t  dynamic pressure) i s  given  by 

E’ = - Y 

1 
- [. + y-l 2 ( q ) 2  lr” 

1 
J 

> 

For any blade  element,  then, from equation (A6), 
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The relat ions  presented  in   equat ions ( A 4 ) ,  (A5), and (A7)  ind ica te  
tha t   four   quant i t ies  are required  for  the  determination of t h e  blade- 
element  efficiency across the   ro tor   o r   s tage :   the   ro tor  absolute t o t a l -  
temperature   ra t io ,   the   re la t ive  total-pressure- loss   coeff ic ient   (based 
on inlet  dynamic pressure), .   the re la t ive  inlet "Mach pupper, and the  
ideal relative to ta l -pressure   ra t io .  Thus, the  blade-element  efficien- 
c i e s   f o r  a given  stage  velocity  diagram can be  calculated i f  the  loss 
coeff ic ients   of   the  blade elements i n  the  various blade rows can be 
estimated. - . .  .. . .. . 

For simplicity  in  the  efficiency-estimation  procedure,   effects of 
changes in  radius   across   the  blade row. can b e  a6sume.d small (it e., 
rl = r2), so that . t h e  ". " i dea l  r e l a t i v e  pressure . "  . r a t i o  . . , . . - i s  equal . " .  t o  . unity.  
Then, equations ( A 4 ) ,  (AS) ,  and (A7)  become, respectively, 

"- - - -. . " - _I- 

and 
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For purposes of rapid  calculation and preliminary estimates, t h e  
h efficiency  relations are expressed in   char t  form in   f igures  24 t o  26. 

a cient,  and i n l e t  Mach rider (eq. ,(AlO)) i s  presented  in figure 24.  A 
(U 
-4 

The re la t ion  among relative recovery  factor,  blade-element loss  coeffi-  

chart  for  determining  rotor  blade-element  efficiency from relative recov- 
ery  factor  and absolute  total-temperature  ratio (eq. (A9)) is  given i n  
f igure 25. Lines of constant  rotor  absolute  total-pressure  ratio are 
also  included i n  the  figure. Figure 26 presents   the   ra t io  of stage effi-  
ciency to   rotor   eff ic iency  for  vazious s t a to r  o r  guide-vane  recovery 
factors.  The r a t i o  of s tage  eff ic iency  to   rotor   eff ic iency is obtained 
from equation (AL) i n  terms of rotor   absolute   total-pressure  ra t io   as  

'Iad,ST - - 
'Iad, R 

[(") (3) (%)I - 1 
'1 R '1 GV '1 S 

(Zy - 

The charts are used as follows: For known or  estimated  values of 
rotor  total-pressure-loss  coefficient i i j *  and re la t ive  inlet Mach zluniber 
Mi of the element, the  corresponding value of relative recovery  factor 

P;/Pi is determined from figure 24. From the  value  of  rotor-element 
absolute  total-temperature  ratio TZ/T1 (obtained f'rom calculations  of 
the  design  velocity diagram) and the value of (Pk/P;) obtained from fig- 

ure 24, the  rotor-element  efficiency is determined from f igure 25. Rotor 
absolute  total-pressure  ratio can also be  determined from the dashed 
l i n e s   i n  figure 25. 

If inlet   guide vanes  and s t a to r s  are present,  the  respective  recov- 
ery  factors  of  each  blade row are first obtained f'rom figure 24. The 
product  of  the two recovery  factors is then  calculated and  used i n  con- 
junction  with  the  rotor  absolute  total-pressure  ratio  in  f igure 26 t o  
determine t h e   r a t i o  of  stage  efficiency  to  rotor  efficiency. A simple 

the  eIement stream surface. 
- multiplication  then  yields  the magnitude of the stage efficiency  along 
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The charts  can  also  be used t o  determine GOBS or mass-averaged . 

efficiencies  through  the use of over-all loss terms. Furthermore, the  
charts  can  be used for  the  rapid  .determination of relative  total-pressure- 
loss coefficient from known values of efficiency,  pressure  ratio, and in- 
l e t  Mach  nuniber  on an element or gross  basis. 
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Figure 1. - campressorblaae elmente dmvn along conical surface of revolution 
about compressor axis. 
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Figure 2. - Blade-element proper t ies .  



132 

.8 

.6 

. 4  

. 2  

NACA RM E56B03a 

r( 

d 

Figure 3. - Example of typical variation o f  b l a d e - p l a n t  gerrormance garmeters w%&h 

speed of 800 feet per second; data f o r  blade row 1 7  (table I) at t i p  poeition 
incidence angle. Transonic r o t o r  with  dcuble-circular-arc  blade sectione at t l p  

(ref. 33). 
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Figure 4. - Definitions of reference incidence  angle. 
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Figure 7. - Zero-camber reference incidence angle for NACA 65-(Al0)-aeries and 
true circular-arc blades of 10-percent maximum-thickness ra t io  (ch. VI). 
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Figure 8. - Reference-incidence-angle slope factor for NACA 65-(A10)-series blades as 
equivalent  circular  arcs and for true circular-arc blades (ch. VI). 5 
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Figure 9 .  - Variation of compressor reference  incidence angle minus  two- 
dimensional-cascade-rule inci.dence angle with relative inlet Mach number 
fo r  NACA 65-(A10)-seriee blade section. 
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geometry and Fnlet Mach number. 
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Figure U. - Variation of compreesor  reference incidence angle minus two-dimensloaal- 
cascade-rule incidence angle with relative inlet Mach number+ar double-circular- 
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angle for AACA 65-(A10)-fJeries and double-circular-arc hlade aectlonrr. 
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Figure 14. - Zero-camber deviation angle for  NACA 65-(A10)-8eries and true circular-arc 
blades of 10-percent maximum-thickness ra t io  (ch. V I ) .  
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Figure 19. - Variatbn of compressor deviation angle minus tmdlmeneional- 
cascade deviation angle at compressor reference inc” angle with 
relative inlet Mach umber. 
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Figure 19. - Concluded. Variation of compressor deviation angle minus two- 
dimensional-cascade &viation angle at compressor reference incidence 
angle w i t h  re la t ive  inlet Mach number. 
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Figure 20. - Vesiatian of compressor deviation angle minus deviation angle 
predicted by Carter ' 8  r u l e  at reference incidence angle with relative 
in le t  Mach number f o r  double-circuler-mc blade section. 
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Figure W. - Deduced variation of average rotor reference incidence angle minus low-speed two- 
dimensiomd"cascade-ae  reference incidence angle with relative inlet Mach number. 
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Figure 24. - Variation of rotor relative.tDtal-preasure  ratio with total-  
pressure-loss coefficient and inlet Mach number. 
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Figure 25. - Variation of relative  total-pressure  ratio  ulth  absolute 
total-temperature  ratio end efficiency for rotor. 
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Figure 26. - Variation of ratio of stage to rotor  efficiency with 
rotor absolute total-pressure  ratin as function of stator recov- 
ery factor. 
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DESIGN VELOCITY DISTRIBUTION IN MERIDIONAL PLANE 

By Charles C. G i a m a t i ,  Jr., and Harold B. Finger 

A discussion i s  presented of the  general  flow equations and methods 
t o  be used i n  determining  the radial dis t r ibut ions of flow in t h e  me- 
ridional  (hub-to-tip}  plane of an  axial-flow compressor when the  required 
performance is specified. The problem of determining  the radial d i s t r i -  
butions  of flow is simplified by considering  conditions a t  a x i a l   s t a t i o n s  
between blade rows where nonviscous,  axisymmetric  flow  equations are 
applied. The analysis presumes the   ava i l ab i l i t y  of  blade-element data on 

Methods for  considering  the  effects of w a l l  boundary layers  on required 
annulus area and  mass-averaged stage performance are presented. A sample 
stage  design  calculation is given. 

- 
- deviation  angle and on stagnation-pressure loss f o r  a l l  design  techniques. 

The design  of a multistage axial-flow compressor consists in the  
successive  design of several individual  rotor and s t a t o r  blade rows which 
are then compounded t o  form the  multistage compressor. As pointed  out  in 
the  general.  compressor  design  discussion of chapter III (ref. l), t h e  prob- 
l e m  of blade-raw  design has been  simplified  by  considering  the flow in each 
of two planes,  the  hub-to-tip or meridional  plane  and  the  blade-to-blade o r  
circumferential  plane. The mer’idional-plane  solution  determines  the radi- 
a l  dis€r ibut ion of flow conditions assuming tha t  axial-symmetry  conditions 
apply,  and  the  circumferential-plane  solution  determines  the  air-turning 
characteristics  through  the  blade  element. A quasi-three-dimensional de- 
scr ipt ion of the  actual  flow is then  obtained  by  juxtaposition of these 
two S O l U t i O I l s .  

The resu l t s  of experimental  blade-to-blade  investigations are de- 
scr ibed  in   chapters  V I  and VII. These chapters  present  circumferentiauy 
averaged  blade-element  performance character is t ics  as determined from two- 

- and three-dimensional  cascades,  respectively. The blade-element  per- - formance i s  presented i n  terms of  incidence  angle,  deviation  angle, and 
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stagnation-pressure loss  as functions  of.cascade geometry, i n l e t  Mach num- 
ber, and  (for  three-dimensional  cascades) radial posi t ion  in   the  blade -. 

row. 1 

The present  chapter di~cusses t he  general  flow  equations and presents 
methods t o  be used i n  determining the radial dis t r ibut ions of flow in the 
meridional  plane. The problem of determining the  radial   d is t r ibut ions 
of flow i s  simplified by considering  conditions  only a t  ax ia l   s ta t ions  
between blade rows. In  these  regions,  equations  for nonviscous axieym- 
metric  flow  are  applied  to  determine  the  design flow dist r ibut ions when 
the  required performance  (weight flow and turning  or energy addition) of 
the  blade row is specified. 

2 
M 
M 

Since the  calculation  involves  the  determination of the   ve loc i t ies  
from the inner wall t o  the  outer wall of the annular  flow area, it is 
apparent that some consideration must be given t o   t h e  boundary-layer 
accumulation on these walls. The most accurate and  complete  procedure 
requires a knowledge of the d is t r ibu t ion  of entropy from wall t o  wall as 
well as a knowledge of the ro tor  energy input ~CI-068 the en t i r e  annulus 
area  including  the  boundary-layer  reglon. - Since  complete data fo r   t h i e  
type of calculation are not currently  available,  simpler  design  techniques 
are  required.  Essentially,  these  simpler  techniques  involve computing 
the  flow  variables as if no wall boundary layer  existed. Boundary-layer - 
correction  factors are then  applied t o  determine  the  required  geometric 
annulus area and mass-averaged stage performance {efficiency, tempera- m 

t u r e  rise, and pressure  ratio).  

Since  the  determination of the f l o w  conditions and  annulus  area con- 
f igurat ion after each blade row i n  the  comgressor requires  solution of 
t h e  fundamental  flow  equations, t h e  first par t  of t h i s  chapter is concerned 
w i t h  the  development of the general.flaz  equations. The assumptions  and 
simpliftcations that a re  made t o  permit  solution of the equations  are 
then  discussed. The equatlons are applied  to determfne the design ve- 
loc i ty   d i s t r ibu t ion  i n  the meridional  plane after a blade row. The nec- 
essary  boundary-layer  correction  factors are indicated. In  addition, 
the select ion of design  variables i s  discussed. A numerical example is 
then  carried  out with the equations and methods presented. 

SYMBOLS 

The fallowing symbols a re  used i n  t h i s  chapter: 

AF f ron ta l  area, sq f t  

a speed of sound, f t / s ec  . .  . - 
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J 

Kb k 

Ke 

K 

K‘1 
M 

n 

P 

P 

Q 

R 

r 

S 

T 

t 

U 

U 

curvature of meridional s t r e m t n e ,  f t - l  

specific  heat at constant  pressure, Btu/(lb)(OR) 

diffusion  factor  

blade force  acting on gas, lb/lb 

acceleration due t o  gravity, 32.17 ft/sec2 

total   or  stagnation  enthalpy, Btu/lb 

mechanical  equivalent of heat, 778.2 ft-lb/Btu 

weight-flow  blockage  factor- 

energy-addition-correction  factor 

pressure-correction  factor 

efficiency-correction  factor 

Mach number 

polytropic compression  exponent 

total   or  stagnation  pressure,  lb/sq ft 

s t a t i c   o r  stream pressure, lb/sq ft  

external heat added t o  gas, Btu/(lb) ( s e e )  

gas  constant, 53.35 f t - l b / ( l b > ( O R >  

radius, f t  

radius of curvature of streamline in  meridional plane, f t  

entropy, Btu/( l b  1 (OR) 

t o t a l  o r  stagnation  temperature, 91 

static o r  stream temperature, OR 

rotor  speed, ft/sec 

Internal energy,  Btu/lb 

. 
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v air velocity,  ft/sec 

w weight  flow,  lb/sec 
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z coordinate along axis, f t  

j3 a i r  angle,  angle. between air . .velocity and axial direction, 
d e 3  

y r a t i o  of specific  heats 

8 r a t i o  of t o t a l   p re s su re   t o  NACA standard  sea-level  pressure of 
2ll6 lb/sq f t  

6" boundary-layer  fisplacement  thickness, f t  

8 angle between tangent t o  streamline  projected on meridional  plane 
and axial   d i rect ion,  deg 

q ef f Fciency 

v kinematic  viscosity, sq f t /sec 

p density,  lb-sec2/ft4 

a so l id i ty ,   ra t io  of chord. t o  spacipg 

7; time 

9 viscous  dissipation of energy, MU/(CU f t )  (sec) 

51 work-done fac tor  

LU angular  velocity  of  rotor,  radlans/sec 

(0 total-pressure-loss  coefficient 
- 

Subscripts: 

a stagnation  conditions 

ad adiabatic 

av average 

. 

d design value neglecting wall boundary layer  
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h hub 

i reference  position, radial s ta t ion  where varriables  axe known 

id  idea l  

m meridional 

m.a. 

P 

R 

r 

S 

ST 

t 

z 

mass-averaged value 

polytropic 

ro tor  

rad ia l   d i rec t ion  

s t a to r  

stage 

t i P  

ax ia l   d i rec t ion  

radial   design s ta t ions  at 10, 30, 50, 70, and 90 percent of 
blade  height from tip,   respectively 

e tangentLal  direction 

0 s t a t ion  ahead 09 guide  vanes 

1 s ta t ion  at rotor  inlet 

2 s ta t ion  at stator i n l e t  

3 s t a t ion  at stator exit 

Superscrlpt: 

1 r e l a t ive  t o  rotor  

STATEMENT OF DESIGN PEOEGEN 

Specification of Compressor Performance  and  Configuration  Requirements 

The design of the  axial-flow compressor begins  with  the  determina- 
t i o n  of the over-all  performance specifications  obtained from the  over-al l  
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engine  and  airplane  requirements. In general,  the  engine  inlet-air  con- 
ditions  (pressure,  temperature,  and  density),  engine  thrust,  engine  air 
flow,  turbine-inlet  temperature,  and  compressor  pressure  ratio  are  fixed  by 
cycle  and  flight-plan  analyses  such  as  are  discussed  in  chapter I1 (ref. 
1). The  compressor-inlet  hub-tip  diameter  ratio,  the  component  tip  dlame- 
ters,  the  compressor  rotational  speed,  the  compressor-inlet  axial  velocity, 
and  the  compressor-discharge  velocity  are  then  determined  considering  the 
compressor  efficiency,  turbine  stresses,  compressor  stresses,  performance 
of the  various  components,  engine  weight,  and  engine  space  limitations  in 
the  airplane.  The  interrelation of some of these  factors  (compreseor air 
flow  per unit frontal  area,  compressor  pressure  ratio,  rotational  speed, 
turbine  size,  and  turbine  stresses)  is  discussed  in  reference 2. It 
should  be  emphasized  that a large  number  of  compressor  configurations  are 
possible  for  given  over-all  performance  requirements.  The  choice of a 
given  configuration  is  based on a compromise among the various performance 
and  geometric  parameters.  This  compromise  depends  in tu rn  on the  intended 
use of the  engine. 

Flow and Geometry  Conditions  to  Be  Determined 

The  design  procedure  involves an iterative  solution of the flow 
equations  after  each  blade  row. Thus, the  flow  conditions  and  hub  and 
tip  diameter  after  the  first  blade row must  be  calculated  from  the known 
inlet  and  the  specified  design  conditions. The blade-element  loadings 
and  Mach  numbers  selected  must  be  consistent  with  the  attainment  of low 
loss as indicated by the loss data  presented  in  chapters VI and VII. The 
resulting  flow must also be  acceptable to the following blade row. After 
a satisfactory  solution for these  conditions has been found, the  resulting 
flow  distribution  after  the  blade  row  becomes  the  inlet  condition  for  the 
following row. The flow  conditions  and  geometry of the  second  blade row 
are  then  determined.  The  same  procedure is repeated  all  through  the 
machine  until  the  desired  over-all  pressure  ratio  and  discharge  velocity 
are  obtained. 

When  the flow conditions  have  been  calculated  after a given  blade 
row, the  blade  sections may be  selected  to  give  the  desired  air  turning  or 
the  desired  blade work. The  incidence-  and  deviation-angle  data  correlated 
in  chapter V I 1  may  be  used  to  assist  in  this  selection.  Some  consideration 
of off-design  performance m y  be  required in the  selection of blading. In 
addition,  the l o s s  correlations  that  are  presented in chapter VI1 enable 
the  designer  to  reestimate  the  originally  assumed  blade-element  losses  for 
the  particular  blade  configuration  selected.  These  reestimated l o s s  data 
are  then  used to recalculate  the  flow  distribution  after  the  blade row 
by  the  methods  of  the  present  chapter. 
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The basic  equations that apply t o  the general  case of the  flow of a 
real compressible f l u i d  through a turbomachine  can  be formulated from the 
conservation laws of matter, momentum, and  energy, along with the thermo- 
dynamic equation of state. As pointed  out i n  reference 3, these general 
basic  equations of the flow can be stated as follows: 

The equation of state f o r  a perfect-gas:  

The energy  equation: 

The cont  lnuity quat ion: 

The Navier-Stokes  equation: 

Bas i c  As s m p t  ions 

The simplifying a6smptions usually d e  in  the treatment  of the 
problem of flow through axial-flow compressors are as follows: 

(1) The general  flow  equations are applied only t o  compute flow dis- 
t r ibut ions between blade rows where blade forces are nonexistent. 

(2)  The flow is assumed t o  be steady  and  axially syninetric. The 
theoret ical   s ignif icance of this assumption is discussed  in  chapter XIV 
(ref. 4). However, when blade-element data including some of the e f f ec t s  
of unsteady asymmetric flaw conditions are used in   ca lcu la t ing  the  veloc- 
i ty   dis t r ibut ions,   the   errors   introduced  by this assumption are expected 
t o  be small. 

(3) The local shearing  effects of viscosi ty  (between blade rows) are - neglected by dropping the viscosi ty  terms i n  the flow  equations. However, - the accumulated effects of upstream  viscous  action in increasing  entropy 
are considered by use of experimentally determined. blhde-element 

c 

c 
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. 
made  when required  for  wall 
and mass-averaged  energy 

r 

performance.  Einpirical  corrections are a l so  
boundary-layer effects  on required flow area 
addition and efficiency. 

(4) H e a t  transfer is neglected. 

Simplified F l o w  Equations 

A s  a result of the  preceding  assumptions and the  use of the  def ini-  
tion  of  entropy,  the  general flow equatione may be combined and restated 
as follows : 

J @ ; ( H ~  - HI) = a [ ( r ~ e ) 2  - (rve)l] = (me12 - = J ~ C ~ ( T ~  - TI> 
( 5  1 

v(pT) = 0 (6 1 
JgW = JgtVS + %(VxT) (7 1 

Equation (5) re la tes   the  change i n  stagnation  enthalpy along a 
streamline a t  axial s ta t ions ahead of and  behind a rotor blade row t o  
the change i n  angular momentum and the<angular  velocity of the wheel. 
Of course,  the  stagmtion  enthalpy is constant along a streamline Passing 
through a s t a to r  blade row i f  it is assumed that the  heat  transfer from 
streamline  to  streamline i s  negligible. 

Equation (6)  s ta tes   the  law of  conservation of matter, which, f o r  
application to compreesor design, may be  expressed 8s 

This  equation w i l l  be discussed i n   d e t a i l  in a later section  with refer- 
ence t o  boundary-layer  blockage  corrections and with  reference t o  applica- 
t i on  of the flow equations i n   t h e  design procedure. 

Equation ( 7 )  i s  referred t o  as the  equilibrium  equation for the  
f l u i d  between the  blade rows. 

SOLUTIONS OF EQUILIBRIUM EQUATIONS 

The equations  presented i n   t h e  preceding  section may be  solved i n  
several  ways within  the  assumptiom stated. Most of t hese   ~o lu t ions  
d i f f e r  only in  the  simplifications made i n  the equilibrium  equation 
( a .  (7)). 
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Since  the  design methoda presented  here  are concerned with findin@; 
the   rad ia l   var ia t ion  of flow at a specified. axial sta t ion ,   the  radial 
component of equation (7)  is applicable. For the  assumed ax ia l ly  sylmnet- 
r i c  flow between blade rows, t h i s  component equation is  

As i n   t h e  method of reference 5, it has  generally  been assumed i n  
design  applications that the  meridional  velocity Vm = 492 is 
given by the  axial velocity V, and that aVr/az = 0. Such a condition 
(generally  referred  to  as the "simplified-radfal-equilibrium" condition) 
has been successfully  used  in  low-aspect-ratio and l i g h t l y  loaded  blade- 
row designs. However, a less   res t r ic ted  design  solut ion may be necessary 
for  high Mach  number, highly  loaded  designs.  Several  aaalyses  (refs. 3 
and 6 t o  9) have been made t o  determine the  factors  influencing the 
meridional veloci ty   dis t r ibut ion.  The analysis of reference 3 considers 
the  effect  of t he   r ad ia l  motion resul t ing from velocity-distribution 
changes through a blade row and evaluates  the magnitude of this ef fec t  
for  several  cases by assuming tha t   t he  air  flows through the compressor 
along  sinusoidal  streamlines. The analyses of references 6 and 7 f o r  
incompressible f l o w  a lso  consider the effects of r ad ia l  motion  due t o  
velocity-distribution changes through the  compressor.  These analyses 
consider the effects  of the velocity induced by the gradients in circula- 
t i on  o r  vorticity  along  the  blade on the veloci ty   dis t r ibut ion ahead of 
and behind the  blade row. The procedure  permits  evaluation of t h e  mutual 
interference  effects of blade rows in   the  mult is tage compressor.  These 
analyses  neglect  the radial motion due to  the  blade  blockage  result ing 
from blade  thickness  variations.  Reference 8 presents a simplified analy- 
sis of the ef fec t  of the  radial variat ion of blade  thickness on i n l e t  ve- 
l oc i ty  and incidence-angle  distributions. This analysis also assumes 
ax ia l  symmetry but makes a correction in the flaw cont inui ty   re la t ion for 
blade  thickness. In general,  the higher the   i n l e t  Mach number, t he  greater 
the  var ia t ion in the   axial   veloci ty  f r o m  hub to t i p .  

All the  preceding  investigations  neglect the ef fec ts  of gradients of 
entropy on radial dis t r ibut ions of velocity and therefore   are  not d i r ec t ly  
applicable in regions of high loss. Reference 9 applies  experimental 
data t o  determine  the  relative magnitudes of the e f fec ts  on veloci ty  dis- 
t r ibut ions of the entropy-gradient term f o r  a wide var ie ty  of axial-flow- 
compressor blade rows. Although vast   differences  generally  exist  in the 
shapes of the  veloci ty   dis t r ibut ions i n  the inlet and the outlet   stages 
of the  multistage compressor, essent ia l ly   the same techniques  {ass~nuing 
a howledge of the  entropy  distribution  across  the  annulus) can be  used 
t o  calculate  the  velocities.  Consideration of the  entropy  gradients was 
particularly  necessary  in  the  rear  stages,  where the  accumulated e f fec ts  
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of viscosity  noticeably  affected  the  velocity  distribution. On the  other 
hand, the  complete radial   acceleration term appeared t o  be  significant 
for  the  highly  1oadec"lnlet  stages  investigated, mere the w a l l  curva- 
tures were large.  

The following  discussion  presents the various forms of the  radial- 
equilibrium  equation t h a t  m y  be used i n  the compressor design  procedure. 

Simple-Radial-Equilibrium  Equation  Neglecting Entropy Gradients 

The simplest solution o f  theradial-equilibrium  equation  (eq. (9)  1, 
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usually re fer red   to  as the "sfmple-radial-equilibrium solution," has 
been  widely  used i n  compressor design. It i s  arrived a t  by assuming 
(1) that the derivative of Vr with respect t o  z is zero,  and ( 2 )  that 
the  der ivat ive of S with respect   to  r i s  zero. These assumptione are 
made, of course, only a t  the fixed  value of  z. The resulting  equation 
is 

which i s  referred  to   herein as the "isentropic-sfmple-radial-equilibrium" 
or  "isre" equation. In t h i s  case,  "isentropic" refers s-lmply t o  the con- 
d i t i on  of radially  constant  circumferentially  averaged  entropy  within the 
space between blade rows outside  the boundary layers. Thus, the  entropy 
of the  flow may s t i l l  change through the  blade row. 

EQuation (10) may be integrated between  any two radial positions i n  
the  free-stream  region of the annular flow area a t  an ax ia l   s t a t ion  be- 
tween blade rows. For purposes of a design  procedure, it is most  con- 
venient  to  integrate between some reference  radius, at which the dependent 
variables  are known or assumed, and the  other  radial   posit ions.  The re- 
sulting  Fntegrated form of the isre equation is 

The radial var ia t ion of ax ia l  v e l o c i t y  o r  V, - V a t  the blade-row 2 
z, i 

out le t  is obtained by prescribing  either the stagnation-temperature or 
tangential   velacity  dfstribution after the  blade row. These two parame- 

t i o n  5 1 fo r   t he  known flow conditions at the   in le t  of' the  blade row. 
As w i l l  be shown later, the  value of  the reference  axial  velocity Vz, 
ters t stagnation  temperature and tangent ia l   velaci ty)   are   re la ted by equa- 
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is assigned and the  mass continuity  condition is applied  to  determine the 
required annulus area. For those  cases i n  which the annulus area is 
specified,   the  reference  velocity is determined by application of t he  
continuity  relation. 

A ser ies  of charts is presented i n  chapter Ix t o  permit  rapid so- 
lu t ion  of equation (=>. 

Simple--1-Equilibrium Equation  Considering 

Radial Gradients of Ehtropy 

The major effect  of upstream  viscous  action is  mni fe s t ed  by an  in- 
crease i n   t h e  entropy of t h e  flaw. The major effects of viscosi ty  on the  
ax ia l   ve loc i ty   d i s t r ibu t ion  are, therefore,  accounted  for i n   t h e  radial- 
equilibrium  equation  through the use of the  term involving  the radial 
gradients of entropy. Thus, the  equation  presented  here is obtained from 
equation (9) by assuming only that   the   der ivat ive of the  radial veloci ty  
Vr wi th   respect   to   the  axial   d is tance z is zero.  Equation (9) then 
becomes 

Equation ( 1 2 1 ,  hereinafter referred t o  as the  "nonisentropic-simple- 
radial-equilibrium"  or "nisre" equition, may be lntegrated between two 
radial positions a t  an axial s t a t ion  between blade rows t o   g i v e  

V: - Vz,i= 2gJ\ (T - Ti)'- (Ve 2 -Vi,1) - 2 t- ar dr 

The nisre  equation can be solved i n  the  same  manner as the  isre 
equation,  except that   the  entropy term  must be  evaluated. By the  def ini-  
t ion  of stagnation  conditions,  stagnation  entropy is ident ical ly   equal   to  
s t a t i c  entropy at any given  point.  Therefore,  the change i n  the  entropy 
along a streamline from t h e   i n l e t   t o   t h e   o u t l e t  of a blade row may be 
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I n  the design  procedure,  the  temperature  ratid is assmed  or  is deter- 
mined from a specif ied  var ia t ion in tangential   velocity by use of equa- 
t i o n  (5). The stagnation-pressure  ratio m y  be related t o  the stagnation- 
temperature r a t i o  i n  terms of either a polytropic  blade-element  efficiency 
9P or  a stagnation-pressure-loss  coefficient w . - 

When the  polytropic  efficiency  or  polytropic compression  exponent 
is used, the stagnation-pressure  ratio i B  given by 

p2 
P1 
- =  

The blade-element  data.of  chapters V I  and V I 1  present  the blade- c 

element loss in terms of G. When these data are used, it i s  more 
convenient t o  express the  stagnation-pressure  ratio  across  the blade ". 

element i n  t e r m s  of & stagnation-temperature ratio, and i n l e t - a i r  
Mach  number re la t ive   to   the   b lade  element. The expression  for  pressure 
r a t i o  is restated from chapter VI1 as 

where 

." 

This equation holds for   both  rotor  and s t a to r  
dices are used. 

J 

- Y 
Y -1 

r 

when the  appropriate  in- 
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The ideal re la t ive   p ressure   ra t io  (P;/Pi)ia can  be  taken  equal t o  
1.0 for   those  cases   in  which the var ia t ion  in   the  s t reamline  radius  
across  the  rotor is negligible, a condition  obtained  in  high  hub-tip 
ra t io   or   l ight ly   loaded  blade rows. 

For convenience in the  design procedure,  any  upstream s t a t ion  a t  
which the  entropy is essentially  constant  radially - f o r  example, t h e  
compressor-iniet-  etation 0 - is used as the  reference  station. There- w 

4 
IP 

w fore,   the radial var ia t ion  of entropy is, from equation (141, 

The s t a t i c  temperature  appearing 
(13) can be  expressed i n  terms of t h e  
temperature as follows: 

- 
- JgC t = JgCpT - P 

For the  simplified-radial-equilibrium 

i n  t h e  second in tegra l  of equation 
ve loc i ty   cmonents  and stagnation 

""- 
2 2  2 

solutions,  the radial velocity 
term i s  neglected i n  equation (18). In  general ,   this Vr component 
can be  neglected i n   t h e  stages with high hub-tip  ratio  without  introduc- 
ing  s ignif icant   errors   in   s ta t ic   temperature .  In  the  stages with low 
hub-tip  ratio (where w a l l  slopes may be  large) ,  however, V r  may have t o  
be  considered  in  this  equation by  estimating a s t reamline  s lope  in   the 
meridional  plane and exgressing Vr as a function of V, and this   s lope.  

Radial-Equilibrium  Equation  Considering Radial Accelerations 

As pointed,  out i n   t h e  previous  dbcussions on the  simple-radial- 
equilibrium  equations,  high  hub-tip radius r a t i o  and lightly  loaded  blade 
rows have been successfully  designed by assuming that the  meridional ve- 
loc i ty  Vm is equal t o   t h e   a x i a l   v e l o c i t y  Vz and that the  gradient of 
radial velodity Vr a long  the  axial   d i rect ion is zero. In t h i s  case, 

- t h e  radial gradient of static pressure is - 
" 
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- 
However, for  high-aspect-ratio,  highly loaded stages, the effects  

of streamline  curvature become significant.  I n  t h i s  case, the contribu- 
t i o n  of t he  radial acceleration of the meridional  velocity  to  the  pressure - 
gradient in the   rad ia l   d i rec t ion  muat be  considered. The radial gradient 
of static pressure  for t h i s  general  case of curved streamline flow may be 
stated as 

where the  angle c is the  angle  of  the streamline with respect   to   the 
axial   direction, and rw is the radius of  cWvature of the  streamline. 

An accurate  determination of  the radius of curvature of the stream- 
l i n e  and the  slope of the streamline (which determines the angle e )  
requires a knowledge of the shape of the  streamline  through the blade 
row. The streamline  configuration is a function of  the  annular-passage 
area. variation, the caniber and thickness  distribution of the blades  in 
the radial and axial  directions,  the  blade  forces  existing  within  the 
blade row, and the flow angles a t  M e t  and  discharge of the blade rai. 
Because the   e f fec ts  of radial acceleration have  been small in conventional 
subsonic-compressor  designs,  very l i t t l e  information is avai lable  con- 
cerning  the  relative..imgortance of ..each .of . these  variables i n  determining 
the  effects  of radial   accelerat ions  in  the highly  loaded  designs now being 
studied. The usefulness of several  methods that haqe been  proposed fo r  
evaluating these radial accelerations has, therefore,  not  yet  been 
established. 

I 

Several  analyses,  such as the  work of references 10 and 11, have 
been applied  to  determine  velocfty  distributions  throughout  the flow 
f f e l d  in  high-solidity mixed-flow  compressors  and axial-flow  turbines. 
These procedures  require  estimation  of a streamline-orthogonal f l o w  sys- 
tem through the blade row. The dis t r ibut ion of velocity along the  or- 
thogonal is then  determined  from the known inlet   condit  ions, a mean air- 
turning  variation  along each streamline, and a blade  thickness  variation 
along  each  streamline.  Since this method requires  estimation of the 
streamlines  as  well as a knowledge of the  blade  configuration, it is ap- 
parent that it becomes an  i terat ive  solut ion.  

An approximate  evaluation of the radial acceleration term is also 
made in   reference 3 by assuming the streamline  shape to  5e  sinusoidal.  
A similar technique  for  evaluating the effect  of radial   accelerations is 
applied in reference 12 .  The analysis of reference 3 fur ther  assumes 
that the product of the radial velocity at a given  axial   s ta t ion between 
blade r m  and the  axial   gradient of axial   veloci ty  is negligible and 
that   the   s lope of the streamlines at this ax ia l   s t a t ion  is z e r o .  There- 
fore, fo r  the assumptions  of reference 3, the last term {the  radial-f lar  
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t e r m )  of equation (9) ?nay be expressed as 

Results  obtained w i t h  t h i s  procedure a r e  shown in reference 13 t o  agree 
with results  obtained from the  general  three-dimensional-flow solution 
described i n  reference 14 f o r  a single-stage  nontapered-passage 
compressor. 

In addi t ion   to  the  precediG'snalyses, which attempt to consider the 
effects  of  the blades on the streamline  configuration  through the blade 
row, several analyses, such as the  work of references l5 t o  17, present 
methods of estimating the  effects of radial velocity and curvature  terms 
from simplified calculations of the flow only between blade rows. In 
these  solutions,  8 set of smooth streamlines is estimted through the 
compressor stage on the   basis  of the  velocit ies  calculated between blade 
rows. It is  apparent tha t  these methods do not  consider the effects  of 
t he  blade thickness and camber dis t r ibut ions and the  effects  of the  blade 
forces on the  streamline  curvature. 

In view of the present m e a g e r  knowledge of the ef fec ts  of the  various 
design parameters on the radial accelera%ion terms in the general flow 
equations, it seem8 reasonable t o  use the  simpler methods of accounting 
f o r  these ef fec ts  as s topgap  design m e a s u r e s .  In addition, it may be 
desirable  a t  the  present time t o   t r y   t o  alleviate the  conditions  leading 
to   l a rge  radial accelerations. In the case of highly loaded designs 
having  high  aspect  ratios, one  technique for  reducing the ef fec ts  of ra- 
dial accelerations i s  t o  taper the t i p  of the compressor inward so that 
the  hub curvature is reduced.  DePinitive  experimental and ana ly t ica l  work 
is s t i l l  required  to  evaluate the various  techniques that have  been sug- 
gested for  computing velocity  distributions  including the effects of ra- 
dial accelerations. 

CONSIDERATION OF W A L L  BOUKWRY-LAYER EFFECTS 

The equilibrium  equations that must be solved. i n  determining the  
meridional  distribution  of  flow  conditions between blade r o w  i n  the  
axial-flow machine w e r e  discussed  in  the preceding  section. When the 
simple-radial-equilibrium equations  are suitable, a procedure 8 i m I b r  t o  
the following is required  to  execute a blade-row des ign  if  the inlet con- 
di t ions are given: 

(1) The t ip   r ad ius  a t  t he  blade-row discharge is specified. 
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( 2 )  The ax ia l  and. tangent ia l   veloci t ies  a t  the   t ip   rad ius  after the 
blade row are assumEd.. These values must be  coqsist-ent w i t h  the  con- 
s iderat ions  for  low losses and compatible vith the  requirements  of  the 
following  blade row;. -I I .. _I_ - .. 

(3) The radial dis t r ibut ion of tangential   velocity after the  blade- 
row i s  specified. . .  . 

(4 )  The rad ia l   d i s t r ibu t ion  of energy addi t ion  in   the  blade row i s  
determined from the known inlet  conditions  and the specif ied  dis t r ibut ion PC 

of tangential   velocity by use of equation (5). 

d 

to 
pr? 

(5) The rad ia l   d l s t r ibu t ion  of loss and, therefore,  entropy is as-. 
sumed based an blade-element data taken in a similar flow environment. 

(6 )  The radial dis t r ibut ion of axial   veloci ty  is calculated. 

( 7 )  The radial   d is t r ibut ions of all other  flow  properties  are 
calculated. "" . . .. 

( 8 )  The continuity  condition is used to   ca lcu la te   the  hub radius from 
the known t i p  radius and mass flow and the calculated  distributions of - 
axial   veloci ty  and density. 

When the  radial   accelerat ion terms  associated with streamline m v a -  
ture become significant,  t h i s  procedure may be considered as an i n i t i a l  I 

s tep   in   the   des ign  system. It then becomes necessary  to  recalculate  the 
rad ia l   d i s t r ibu t ions  of ax-1 velocity and other flow properties  (items 
(6) and ( 7 ) )  and t o  determine a new hub radius  (item (8) >. 

This technique i e  referred t o  as method I. The c r i t i c a l  information 
i n  t h i s  solution is the  radial dis t r ibut jon of loss or  entropy from wall 
t o  wall. Figure 1 i l lu s t r a t e s  8. form of the  entropy  distribution that 
might be  encountered after a blade row i n  a campress.or. The l a rge   r i s e  
i n  entropy a t  the  end walls results from the  Losses in the wall boundary 
layers. Across the   mjor   port ion of the  flow passage, t he  entropy varla- 
t i o n  is i l l u s t r a t e d  as being  relatively small. It must be emphasized tha t  
(as indicated i n  ref. 9)  some 'cases have been encountered where the  
variation of entropy is large even in the main stream. In any case, the 
"nonisentropic"  equations  can  be  applied t o  determine the velocity dis- 
t r ibu t ion  even in to  the boundary layers i f  means of predicting the 
entropy  distribution are available. This procedure  wouldbe a direct  
process near the t i p ,  s.ince the t i p  radi? is specified. Near the hub, 
however, the entropy  and  other  flow  properties  could  not  be  determined 
u n t i l   a f t e r   t h e  hub radius i s  known. Therefore, i t e r a t ion  procedures 
must be  used near the hub f o r  t h i g  comg&etg.-solut&on_. The dist r ibut ion of * -  

flaw properties and the  annulus  area  determined from these  procedures 
then  permit  calculation  of  the mass-averaged  energy addition,  pressure 
ratio, and efficiency  for t he  stage. 

. - . ." 

.. . , -  

. -  - 
I 
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It is, of course,  apparent that the determination of the entropy 
d is t r ibu t ion  from w a l l  t o  wall fo r  a l l  the  possible  design  velocity dia- 
grams, blade-row  geometries, and locatione in the  multistage compressor 
would require  very  extensive tests of many di f fe ren t  compressors. Such 
detailed  information  requires the analysis of much more multistage- 
compressor data than are currently  available.   Substi tute  techniques  for 
the determination of  the  annulus area af'ter the blade row and t h e  mass- 
averaged  efficiency,  energy  addition,  and  pressure r a t i o  have therefore 
been  used. 

One such  technique  (referred  to  in this  report  as m e t h o d  1 1 )  involves 
dividing the flow  passage  into three parts, the t i p  boundary layer, the 
mainstream  region,  and the hub boundary layer. In the process  of  solu- 
t i o n  of the equations, the w a l l  boundary-layer  regions are ac tua l ly  
treated as one region. The velocit ies  across the annulus are  computed 
by the previously  itemized  procedure assuming tha t  no wall boundary layer 
exists. The entropy  distribution used in  the  determination of the ve- 
loc i t i e s  is  obtained from the blade-element loss data presented. i n  chap- 
t e r  V I I .  If, as is  i l l u s t r a t e d   i n  figure 1, t h e  entropy  gradient is 
small i n  the main stream, then the  veloci ty   dis t r ibut ion may be computed 
using the isre equation  (eq. (10) or  (11)). If the blade-element loss 
data indicate a large  var-tion. of entropy in the main stream, then the  
nisre  equation  (eq. (E) or  (13)) must be  used t o  determine the veloci ty  
dis t r ibut ions.  

The effects  of the  w a l l  boundary layers on the required  annulus area 
and on t he  mass-averaged energy addition,  pressure  ratio,  and  efficiency 
are determined i n  method II from the veloci ty   dis t r ibut ions  calculated 
assuming appropriate "gross" correction  factors  and the absence  of w a l l  
boundary layers. Although the evaluation of these gross correction 
factors  w i l l  also  require  extensive compressor t e s t ing  and  analysis, it 
is anticipated that the general  correlations w i t h  velocity-diagram pa- 
rameters  and  environment may be more readi ly  attainable than  those  for  
the detailed entropy  distributions  in the boundary layers.  3 3  addition, 
indications of the magnitudes,of these  gross  correction  factors may be 
obtained  from comparisons of  =sign and measured ve loc i t ies  i n  the main- 
stream  region. 

The general  effects of wall boundary layers on ro tor  performance are 
indica ted   in  figure 2. This figure is an example of a design that has 
been worked out  for  constant mass flaw ( f ig .  2 ( a ) )  and energy  addition 
(fig. 2(b))  along the radius without  considering the effect of the end- 
wall boundary layers.  The isre solution was used t o  determine the ve- 
locities  across  the  annulus from the specified energy addi t ion  ( f ig .  
2(b) ), assuming that the stagnation-pressure loss was constant  along the 
radius (fig. 2(c) )  and that the effects  of the wall boundary layers  could 
be neglected. For such a design, t he  conditions that might be measured 
in the flow  annulus when the mainstream  flow  conditione are the same as 
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the  design  conditions are indicated by the  dashed cwves. It is apparent 
tha t  t he  integrated weight flow is less than the design weight flow and 
the mass-averaged  energy addition  or  temperature rise and the  mass- - 
averaged pressure  ra t io  may differ from the design value. The average 
values of mass flaw, temperature rise, and pressure  ra t io  are indicated 
on t h e  figure as  the  dot-dash  lines.  Therefore, three correction  factors 
are   required  in  method I1 t o  account f o r  the-presence of the wall bound- 
ary layers. An annulus-area  correction must be appl ied  to  account fo r   t he  
blockage  effect of the  wall boundary layer so as  to  ensure  the  attainment 
of the  design weight  flow; a temperature-rise  factor must be appl ied  to  b 

calculate   the mass-averaged  energy d a t i o n  f0r.tb.e blade row at t h i s  M 

design weight flow; -and a"pressiireLrati0  factor must be applied t o  p d t  
calculation of the mass-averaged preesure  ratio.  

+ 
pr) 

Another  system  of correction that has been  used  extensively  involves 
specifying the annulus area and  adJusting the ax ia l   ve loc i ty   l eve l   ac ros~  
the mainstream region by the  continuity equation t o  ensure t h e  attainment 
of t he  design weight flow. This method of design and correction  involves 
pr incipal ly  a rearrangement of the  previously enumerated design  steps. 
Other correct ion  factors   are  still necessary t o  permit calculation  of. . the 
mass-averaged energy addition and pressure  ratio. 

It must be emphasized that, i n  a l l  the techniques  described,  the 
velocit ies  across  the mainstream region of the annulus area and the an- 
nulus area geometry a re  calculated wi th  blade-element loss or  efficiency ., 
data obtain& from stages operating in environmental  conditions similar 
to   those  of the stage being  designed. Such blade-element  data,  princi- 
pal ly   for  inlet  stages, are  presented  in  chapter VII. .. .. 

For those  cases where blade-element loss data. are not avai lable   or  
where a general  design  review of a large number of multistage compressors 
is required, a blade-row  and stage mass-averaged efficiency may be assumed 
t o  determine  the  total  pressure at each blade element from the specified 
energy addition. It is assumed in t h i s  approach tha t  the blade-element 
efficiency i s  equal t o  t h e  blade-- mass-aveftiged efficiency. Although 
t h i s  is admittedly  not  an  exact  approach, it has been  found to   give rea- 
sonable  design  accuracy  and fieryes as an extremely useful tool, especlally 
as a first roughing-out step in  the  design procedure. This method is 
r e fe r r ed   t o  i n  the  present  report as method III. It i s  described In de- 
t a i l  and applied  through  the we of  charts i n  chapter M. The  method 
usually assumes t h a t  the  correction  for  determining mass-averaged  energy 
addition is negligible. A correction i s  required  for wall boundary-layer 
blockage in determining  the  annulus area. 

The following  discussion is concerned with the  boundEtry-layer cor- 
rect ion  factors  required i n  method IX for   the  calculat ion of the annulus 
geometry and the mass-averaged  temperature rise and preseure  ratio. 

L 
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Although only very limited amounts of blade-element data and boundary- 
layer correction data are available, it is  fe l t  that t h i s  method of fers  
t he  basis for  an  accurate  design system. - 

Correction  for Weight-Flow Blockage Factor 

The correCtion..$or  weight-flow  blockage fac tor  is intended t o   e m m e  
w w 
Ip 

the  attainment of the  design  weight  flow with the design  veloclty dis- 

lack of extensive data on the boundary-layer  characterist ics  in  the com- 
pressor,  an  empirically  obtained  correction  factor that is applied as a 
gross  boundary-layer  blockage  factor has usually been applied. Although 
this empirical correction  factor  leaves much t o   b e  desired, it has been 
used successfully i n  design. This gross  blockage  factor is designated 

41 tr ibution  over  the major portion of the annulus area. Because of the 

by Kbk and is defined  by the f O ~ ~ i t l g  Continuity  equation: 

The subscript d refers to  design  values  calculated  across  the annulus 
as if  no wall boundary layer were present. In essence, th is  gross  block- 
age  factor  involves the determination of the  ideal (no boundary layer )  
veloci ty   dis t r ibut ion  required  to  wss a flow greater  than  the  design 
flow.  For a given  value of t i p  radius, the  hub radius is thus decreased 
as Kbk is decreased (or  boundary-layer  allowance i s  increased). 

Very l i t t l e  useful data regarding the best values of blockage  factor 
are currently  available from multistage-cowressor  investigations. Ref- 
erence 15 suggests  values of 0.98 f o r  inlet stages and 0.96 f o r  a l l  
others. Some single-stage data indicate  blockage  factors of 0.96 after 
both  rotor and s ta tor .  These blockage  factors are not  expected t o   b e   t h e  
same f o r  compressors differ ing  in   s ize ,   axial   veloci ty   diffusion,   chord 
length,  and so for th .  

Correction  Factor  for  Stagnation-Temperature Rise 

Besides ociupying  space &d thereby  affecting the weight  flow, the - wall boundary l aye r   caues   t he  mass-averaged  energy addi t ion  or  
- stagnation-temperature rise t o  differ from the design value when the main- 

- blockage-factor  correction  does  not  eliminate the need f o r   t h e  temperature- 
stream veloci t ies  are equal t o  the design  values.  Application of the 

- rise o r  energy-addition  factor i n  computing the mass-averaged teqperature 
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rise for the  stage  from  the  design  velocitiea.  This  temperature-rise or 
energy-addition  factor Ke can be  defined  by  the following equation: 

(2)m.  a. 
- 1.0 = 

= Ke 

It  should  be  emphasized  that  the  temperature-correction  factor I s  
used only in  calculating  the  mass-averaged  energy  addition  once  the  design 
velocity  distributions  and  the  annulus  area  geometry  have  been  determined 
in  the  design  process.  It  does  not  influence  the  design  velocity  diagram 
or  the  hub  radius. 

In most  cases,  the  temperature-rise-correction  factor I s  assumed 
equal  to 1.0. However,  analysis of limited  data  taken on the  single- 
stage  rotor of reference 18 indicates  that a value of 1.03 for the 
temperature-rise-correction  factor  may  be  more  reasonable.  More  exten- 
sive  and  precise  data  are  still  required. 

Correction actor for Stagnation  Pressure 

- In the  design  procedure,  the  value of the  stagnation-pressure loss 
w at any blade  element in the mainstream region  can  be  eetimated  from 
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the  velocity diagram by UB h g  the  correlation of diffusion  factor  with 
E presented in chapter VLI. This method tends to give a higher mass- 
averaged  value of stagnation  pressure at a blade-row out le t  and higher 
mass-averaged efficiency  than are actually  achieved,  since  consideration 
of the  w a l l  boundary layer is not completely  included in  the  blade- 
element data. Hence, a correct ion  for   the w a l l  boundary layer  must be 
applied in determining  the mass-averaged pressure  ratio.  This  pressure- 
ra t io   correct ion  factor  Kp can be defined by the  following  equation: 

- 

- I  + 1. 

c 

Y 
Y- 1 
- 

Y +l.*l 
Limited data on the   ro tor  with 0.4 hub-tip diameter ratio  described 

in reference 18 indicate   that   the   value of Kp m y  be approximately 1.0 
after a rotor.  These data w e r e  taken from an Wet- s t age   ro to r  where 
wall boundary layers were small. Detailed data after s t a to r s  me not yet  
available. 

A knowledge of the mass-averaged temperature rise and the  w s -  
averaged  pressure  ra6io  permits  calculation of the mass-averaged 
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efficiency by the  following  equation: 

7m.a. 

It is apparent  that  an  efficiency  correction sFmil&r t o   t h e  temperature- 
rise- and pressure-ratio-correction  factors may also be  applied to   de t e r -  
mine the mass-averaged efficiency of a stage if the  average  efficiency 
based on the mainstream veloci t ies  and  blade-element  losses I s  known. 
Thus, the  average  rotor  efficiency i s  obtained by multiplying  the  effi- 
ciency  calculated from the  mainstream flow conditions by the  efficiency- 
correction  factor.  As a r e su l t  of the  correction  factors determined from 
the  data of reference 18 for  the  temperature rise and the pressure 
ratio,   the  efficiency  correcticm K7 fo r   t he   ro to r  w a s  found t o  be 
approximately  equal t o  0.97. .. 

Work-Done-3hctor System 

A boundary-layer  correction  procedure that has  been  widely  used by - 
British  designers (refs. 19 t o  21) includes  the "work-done" factor,  which 
i s  used to  estimate  stage  temperature  rise. fr.om .design values of ax i a l  
velocity and a i r  angles. In this case, the hub and t i p   r a d i i  of the bLade 
row are  prescribed. For a given  weight  flow  through the  blade row, the  
effect  of the wall boundary layers is to   increase   the   ax ia l   ve loc i t ies  
above the  design  values  acros6  the mainstream portion of the  annulus and 
t o  decrease  the  axial  velocity  near  the end walls a6 shown in figure 3. 
Because of the  high  values of velocity over the major portion of  the  
annulus, the mass-averaged energy addition a t  the  design flow is lower 
than the  design  value (i. e., the  low mass flow at  the  end walls does not 
weight the  temperature r i s e   i n   t h i s   r eg ion  enough t o  compensate for   the 
central-portion  deficit  i n  work), resul t ing i n  l e s s  "work done." Thus, 
the  actual  stage  temperature rise is lower than that  predicted on the 
basis of the  design  values of velocity and a i r  angles. The  work-done 
fac tor  52 is defined jn reference 19 by the  following  relation: 

"" " 

where the  flow  parameters  are the. ideal  values  calculated assuming tha t  
wall boundary layers do not exis t .  

. -  
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Although it was developed for  designs  with  free-vortex  velocity 
diagrams, t he  work-done factor  has  since  been  applied  to  other  types of 
diagrams. It ia necessary i n   t h i s  system t o  set   the  blades (on the  basis 
of the  design veloc i t ies )  a t  an  incidence  angle  higher  than  the optimum 
value. The higher  velocities  actually  obtained  across  the main stream 
w i l l  then produce  incidence  angles  close  to  the optimum values. ' 

Thus, the  d e s i g n  velocity and  blade-angle  distributions are set so 
as t o  ensure that application of the  work-done fac tor  w i l l  result i n  the  
desired  energy  addition. It is then  usually assumed that the major part 
of the  correction  for  boundary-layer  blockage  has  been  considered by 
application of t he  work-done factor .  

.>. 

SJEJETION OF DESIGN VARIABLES 

The design  calculation of t he  multistage-compressor  blade rows re- 
quires first the  specif icat ion of cer ta in  aerodynamic  and geometric 
character is t ics .  Among these are the W e t  values of hub-tip  radius 
ra t io ,  weight flow, and  wheel  speed; the variation  through  the compreesor 
of blade  loading,  axial   velocity,   and  t ip diameters; and an  addi t ional  
parameter  specifying  the radial dis t r ibu t ion  of work or   veloci ty  i n  each 
stage.  Since  the emphasis i n  aircraft compressors is for   high mass flow 
per unit f ron ta l  area and high pressure  ratio  per  stage,  the  discussion 
of the   se lec t ion  of  design  variables is slanted toward  achieving  these 
goals. 

The select ion of design  variables and the   en t i r e  design procedure 
involve  an  i terative  process i n  which compromises are necessary at each 
step.  The process  can  be  shortened  by using a quick approx-te method 
f o r   t h e  init ial  parts of the  design and, after a rough out l ine of the 
compressor is determined,  using  the more accurate methods t o   f i x   t h e  
de t a i l s  of t he  campreseor blading. Thus, a t r ia l  hub and t i p  contour  for 
t he   en t i r e  compressor  can be obtained from the  method that uses t h e  isre 
equation  along  with an assumed efficiency  for  the  blade rows. The ma- 
j o r i t y  of the  necessary cornpromisea can  be made in  th i s   s tep ,  so t ha t   t he  
requi red   per fomnce  is reasonably  assured  without  exceeding  specified 
l imitations on divers flow variables.  

Velocity Diagrams 

A general  velocity diagram f o r  a fixed radius Is s h a m   i n  figure 4. 
In   t he  past, many compressors  have  been  designed t o  achieve a specif ic  
type of veloci ty  diagram at a given  radius  or  given  radii. A discussion 
of t he  commonly used velocity diagrams and the i r   appl ica t ion  i n  the  de- 
sign procedure is given in references 3 and 22. The free-vortex diagram 
has  been  widely  used  because of its simplicity and the  accuracy  with 
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which flow  distributions  could  be  calculated  for this  type  flow. Two- 
dimensional  blade-element  considerations (which a re  now known t o  be 
insuff ic ient)  showed that the  symmetrical  velocity diagram gave maximum 
blade-element-profile  efficiency as well as high flow and stage  pressure 
r a t i o   f o r  a subsonic Mach  number l i m i t .  Therefore, t h i s  type of diagram 
a lso  has been used extensively. As the  various  limitations  of compres- 
sors became be t t e r  known, more freedom was taken i n  the  type of velocity 
d i a g r a m .  With the advent  of the  transonic compressor  and the removal of 
the  subsonic Mach  number limit, t h e  free-vortex  design  returned  to promi- 
nence for   in le t   s tages .  The absence of large gradients i n  out le t   ax ia l  
velocity. w i t h  this type  design  facil i tates  the maintenance  of recently 
established  loading limits and the  achievement of high  pressure  ratio. 

Experimental t e s t s  of axial-flow compressors show that sat isfactory 
performance  can be obtained  for a w i d e  range of velocity-diagram  types 
if  the  blade-loading  and Mach  number limits are  not exceeded. Therefore, 
present  design  philosophy emphasizes the  limitations as determined by 
Mach number and diffusion  factor rather than  the  specific  velocity dia- 
gram used. I n  general,  an i t e r a t ive  procedure of specifying radial ais- 
t r ibu t ion  of work (& or AT) and checking all radial   sect ions  for  
extremes in   diffusion  factor  or h c h  number i s  satisfactory.  A specifi-  
cation of a velocity diagram may i n  some cases be desirable  to  systematize 
the  procedure or t o   u t i l i z e  past experience. 

Compressor-Inlet  Conditions 

Inlet   hub-tip  radius  ratio and axial   veloci ty  must be  specified to 
sat isfy  the  design weight-flow  requirement, which is fixed by an  engine 
analysis.  Flgure 5 presents  curves of compressor weight flow per U t  
f rontal   area  against   axial  Mach  number for  constant  values of hub-tip 
radius   ra t io .  It i s  apparent from t h i s  figure that weight flow per  unit  
f ron ta l  area increases w i t h  decreasing  hub-tip  radius  ratio md with in- 
creasing  axial  velocity (or Mach number).  Reduction i n  hub-tip r a t i o  
below approximately 0.4 may be expected t o  result   in  aggravated  serow- 
namic as well as mechanical problems, thus g iv ing  diminishing  returns. 
For instance,  the  blade-element-flow choking  problem (M = 1.0 at throat)  
at the compressor hub  becomes  more acute  because of l m g e  fillets and 
blade  thicknesses,  while  blade  fastening may become d i f f f cu l t  and blade 
stresses m a y  become high. 

Figure 5 a l so  illustrate8 that the value of  weight flow per unit 
f ronta l  area depen& on the  value of i n l e t   a x i a l   m c h  number.  However, 
design  values of axia l  mch number a re  fixed (for any desired  blade speed 
and a i r  prerotation) by the   l imi t ing   re la t ive   in le t  Mxh number of the 
blade  sections used i n  the   i n l e t  row. Thus, the   re la t ive  inlet h c h  num- 
ber becomes the important  variable and w i l l  be considered here. 

d 
PC 
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The l i m i t i n g   r e l a t i v e   h c h  number f o r  conventional  subsonic  blade 
shapes  and  designs is usually s e t  at 0.7 t o  0.8; while, f o r  trangonic 
blade  shapes  (thin  blades with t h i n  leading edges  and s o l i d i t y  of the 
order of LO), good eff ic iencies  have been  obtained a t  Mach numbers  up 
t o  1.1 (ref. 23) and  even higher. These limits a r e  determined from loss 
and efficiency  considerations, which i n   t u r n  may be  affected by blade-row. 
choking considerat ions,   par t icuhrly  a t   the  compressor hub. An analysis 
of the  choking  problem is presented f o r  two-dimensional  cascades i n   r e f -  
erence 24. If a cascade analysis is applied t o  a compressor ro tor  and 
does not indicate choking, there  will  probably be a built-in safety  fac- 
t o r  because of t he  advantage of the  energy r i s e  through the  ro to r .  

In the  past ,   inlet   corotation has  been  used t o  reduce  the  re la t ive 
Mach  number at the rotor  inlet. Since compressors  have  been operated 
e f f i c i e n t l y   a t  high values of r e l a t ive   i n l e t  Mch number, t he   ro l e  of 
inlet   guide vanes  has became decreasingly  important in compressor  design. 
However, the use of counterrotation  inlet  guide vanes t o  increase Mach 
number at a given wheel speed for the  attainment of high stage pressure 
r a t i o  should not be overlooked w h e n  blade  speed is otherwise  limited. .- . 

Variation of Design  Parameters  through Compressor 

Axial  velocity. - In any  compressor, values of ax ia l   ve loc i ty   a r e  
f i x e d   a t  two ax ia l   s ta t ions :   a t   the  compressor i n l e t  by the  weight flow 
and hub-tip  ratio, and a t  the compressor ex i t  by compressor-discharge 
diffuser and combustor-Wet  requirements. With the t rend toward higher 
compressor-inlet  velocities,  fixed conibustor requirements will necessitate 
appreciable decreases i n  axial   veloci ty  through the uni t .  Care must a l so  
be  taken  that  blade  heights  in the latter stages do not become so small 
that end-wall boundary layers and blade  t ip  clearances occupy a large 
percentage of  the passage and thus  deteriorate performance. The exact 
schedfling of axial   velocity  through the compressor w i l l  depend largely 
on the  individual blade-row  requirements.  Large axial   velocity  reductions 
across any blade element a re  t o  be  avoided if high  efficiency is desired. 

\ 

Diffusion  factor. - The diffusion  factor,  8 blade-loading  criterion 
discussed i n  reference 25, is given by 

The analysis 'of single-stage-compressor  data  in  reference 25 indicates  
the  following  diffusion-factor limits f o r  inlet   s tages:  f o r  the   ro tor  
t i p ,  D less than 0.4; f o r  the ro to r  hub, D less than 0.6; for   the   s ta -  
to r ,  D less  than 0.6. The var ia t ion of l imit ing  diffusion  factor  
through the  compressor is not yet known. Although this  blade-loading 



parameter (eq. (23) )  is a good stop-gap;a more complete and general 
loading  cri terion and a bet ter   correlat ion of l o s s  with loading i s  s t i l l  
required. 

Efficiency. - The stage  or blade-row  efficiency, rather than  the 
blade-element loss, may be used as-a design  parameter i n  certain  design 
procedures (e. g., method 111) . Experimental  investigations of axial-  
flow  compressors indicate that, where blade-loading limfts are not ex- 
ceeded, the  s tage  eff ic iencies  remain a t  a relatively  constant  high 
value. .A slight  decrease  in  efficiency i n  the rear stages of the  com- 
pressor has usually been a t t r ibu ted   to   d i s tor t ions  of the   rad ia l  distri- 
butions of velocity  in  these  blade rows. Also, t h e   r a t i o  of wetted  area 
t o  flow  area is g rea t e r   i n  the la t ter   s tages   than  in   the  inlet   s tage,  so 
that boundary-layer  effects become  more prominent. The design-speed peak 
adiabatic  efficiency  for  an  inlet   stage  operating as a single-stage unit 
i s  about 0.92. O f  course, the assumed design  efficiency will vary w i t h  
the  performance  requfrements of pressure   mt io  and weight flow and per- 
haps with axial posit ion i n  the co~npressor. 

Boundary-layer character is t ics .  - Unfortunately,  there is very l i t t l e  
information from which the boundary-layer grarth  through a compressor  can 
be  determined  accurately beyond that mentioned i n  reference 15. Values 
of correction  factors  used  to account for boundary-layer growth  have  been 
given  and  discussed i n  the section on weight-flow  blockage. Ikta obtained 
from an  8-stage  axial-flow compressor ( re f .  26) iqdicate that the 
boundary-layer  tUckness  (expressed as a percent of blade height) re- 
mained approximately  constant  through the last four  stages near the de- 
sign w e i g h t  flow. Although the boundary layer i n  the compressor of  ref- 
erence 26 was thicker  than might be  generally  expected,  these  results . 

support the choice of a constant  value of Kbk through the   l a t te r   s tages  
of an  axial-f low compressor. 

. .  . " ".̂  . _ .  . 

Physical Aspects 

Physical  coneiderations limit some compressor variables that af fec t  
the aerodynamics  of the  flow. The shape of the compressor outer  casing 
is l imited by res t r ic t ions  on over-all  s i z e  of the  engine and accessories, 
and a constant-tip-radius  configwation has been used i n  the past as a 
good  compromise between  aerodynamic  and  weight considerations. The re- 
quired  decrease  in  annular  area from i n l e t   t o   o u t l e t  Ls then  obtained by 
gradually  increasing  the hub radius. Of course,  other  combinations of 
hub  and t i p  shapes m y  be desirable  for  specific  applications;  f o r  exam- 
ple,   the  section on radial-flow  accelerations  indicates that tapering  the 
t i p  casing a t  the compressor i n l e t  may be  desfrable  to  reduce hub-wall 
curvature effects, i f  these are otherwise  detrimental. 
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The value of the  s o l i d i t y  used i n  each blade row may be varied 
s l i g h t l y   t o  keep the blade  loading  (expressed  for the present by the dif- 
fusion fac tor )  w i t h i n  cer ta in   l imits .  Reasonable values of s o l i d i t y   f o r  
the  transonic compressors  appear t o  be in   the   o rder  of 1.0 a t  the t i p  
section. Extremely low s o l i d i t i e s  lead t o  poor guidance and high  losses, 
while  extremely  high s o l i d i t i e s  lead t o  hub choking  problems  and h u h  
losses. 

Although the  t ip   c learance .us& i n  a compressor design is usua l ly  
se t  by mechanical  considerations, large effects  of t ip   c learance on 
aerodynamic  performance  have  been noted i n  various compressor investiga- 
t ions.  Some effects  of blade t i p  clearance  are  discussed i n  reference 
27, which reports  that   the  smallest   clearance  used  in  the  series of t e s t s  
gave the  best  ro to r  efficiency. 

Off-Design  Performance 

In regard  to  compressor  weight, It is deslrable t o  s e l ec t  a design 
for  the minimmu number of stages  conslstent with good aerodynamic effi- 
ciency to, achieve a specified over-all pressure ra t io .  &asmuch as the 
compressor m u s t  a l so  have good accelerat ion  character is t ics ,  good high 
f l i g h t  Mach  number performance,  and a reasonable overspeed margin as well 
a6 satisfactory  design-point  operation, the off-design  operating chazac- 
t e r i s t i c s  should  be  considered when the stagewise  variation of blade 
loading is chosen. Possible means of determining the off-design  operating 
character is t ics  are given i n  chapter X. A t  compressor  speeds above and 
below deslgn speed, the  f ront  and rear stages  deviate  considerably from 
design  angle of incidence,  operating  over a range from choked f l o w  t o  
stall  (ref. 28). Therefore, it is important to  prescribe  blading and 
velocity diagrams in   t he   f ron t  and rear stages t h a t  w i l l  permit the at- 
tainment of a large  s ta l l - f ree   range of operation. 

Consideration of compressor-inlet flow distor t ions  resul t ing from 
inlet-diff 'user boundary layers, a i r c r a f t   f l i g h t  at angle of attack, and 
so forth,  may also influence  the stage design  selection,  especfally in 
the  inlet   s tages  of the  compressor. 

AppLICATIOI'l OF EQUATIONS 

Design Equatiom 

The equations t o  be us& i n  a design are grouped in t ab le  I f o r  ease  
of reference. They a r e  either repeated o r  are direct ly   der ived f r o m  
equations in  the  prevlous  sections.  Additional  relations  are  obtained 
from the  veloci ty  diagram  such as  is shown i n  figure 4. 
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Equations (D2b) ( the isre solution) and (D3b) (the nisre   solut ion)  
fo r  determining the axial   velocity  variation  along  the radius a re  ob- 
ta ined from equations (DZa) and (D3a) by  evaluating  the  integrals  by the  
trapezoidal rule. [In addition, eqs. (17) and (18) or eqs. (D12) and 
(D13)  (with the radlal velocity  equal t o  zero) are applied to d e r i v e  eq. 
(D3b) from eq. (11%) 1 An accurate  evaluation of t he  axial velocity 
d is t r ibu t ion  by  use  of  equations (D2b) and (Dm) requires that the r e f -  
erence radius be  shifted from point   to   point .  That is, the  integrat ion 
i s  first carried  out from the  initial reference  radius  to an adjacent 
radial s ta t ion.  The  computed values of veloclty at t h i s  adjacent radial 
s ta t ion   a re   then  used as the  reference-point values  t o  compute conditions 
at the  following radial s ta t ion.  Thus, the   e f fec t  of any variation of 
entropy,  temperature, and tangential   velocity on the  axial   veloci ty   dis-  
t r i bu t ion  may be accurately  considered if' enough radial stat ions are 
specified  across  the annulus area. 

Equation (Dl1 1 i s  a form of (Ea)  for   the  special   case of inlet 
guide  vanes where the stagnation  temperature I s  constant. This equation 
is  derived  in  reference 29. Equation ( D l O b )  is an a l te rna te  form of the  
diffusion-factor  relation  (eq. (DlOa) >. A graphical  solution of equation 
(DlOb) is presented  in  chapter.  IX. 
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General  Determination of Axial  Velocity  Distribution 

The design of the  multistage compressor requires  the  solution of the 
general flow equations after each blade roW in the  compressor. This sec- 
t i o n  i s  concerned  with  the methods of determining the  velocity  distribu- 
t ions  after the i n l e t  guide vanes and rotor  and s t a to r  blade rows. 

For the  case of no inlet guide vanes or  for.  guide vanes that impose 
a vortex  turning  distribution, it may be assumed for   the   in i t ia l   des ign  
trial that the  axial velocity is constant  along the radius at the inlet 
t o  the f i rs t  rotor  row. For the case of compressors  having inlet guide 
vanes imparting a nonvortgx turning  dis t r ibut ion  to  the flow, the   ax ia l  
veloci t ies  at the out le t  of the &de vanes a t .  the i n l e t   t o   t h e  f i r s t  
ro tor  will vary with radius and must be computed. As indicated in  the 
previous  dfscussion, the effects  of streamline  curvature may be suffi- 
cient ly   large  in   cer ta in   cases   to   necessi ta te   considerat ion of  these ef- 
f e c t s   i n  the calculation procedure. In the  design  procedure,  corrections 
for  these  curvature  effects may be  applied after the  preliminary  velocity 
distributions  and passage geometry have been specified. 

After the flow conditions at t h e   i n l e t   t o  the rotor  are determined, 
the stepe  previously enumerated in the  section on CONSlDFJtATION OF W A L L  
BOUNIXEE-LAYER l!XFlXTS a r e  used t o  determine the veloci ty   dis t r ibut ion 
and annulus area geometry after the  rotor.  The design  variables that 

b 
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must be spec i f i ed   fo r  the first ro tor  are t h e   t i p  radius at the   ro tor  
discharge,  the  tangential and axial   veloci ty  changes (based on blade- 
loading considerations ) across the  c r i t i c a l  blade element (usually  the 
t i p )  of the rotor, and the radial dis t r ibut ions of energy addition and 
blade-element loss. The specif icat ion of  these  quantities  completely 
determines the flow parameters a t  the discharge of the blade row. Ap- 
pl ica t ion  of the  blockage  correction Kbk i n  the continuity  equation 
then  permits  the  determination of the hub radius of the annular  flow 
passage a f t e r   t he   ro to r .  A similar procedme i s  used t o  determine the  
flow conditions after the following  stator. 

It is then  necessary  to review completely  the  preliminary  design i n  
order   to  determine its c r i t i c a l  and undesirable  features w i t h  respec t   to  
both the compressor perfornvznce and the performance  of the  other  engine 
components. For instance, it w i l l  be necessary t o  go through the design 
procedure  again in  order  to  correct  for  streamline-curvature  effects,   or 
t o  improve the shape of the hub contour, or t o   r ev i se  the loss assump- 
t ions made originally.  A recalculation may a l so  be required t o  change 
the loading  or MElch number Level  because  certain  blade  elements  appear 
t o  be too   c r i t i ca l ly  loa&&. The blade sections may then  be determined 
from t h e  two-dimensional  and  annular-cascade data of  chapters V I  and VI1 
and the calculated  design  flow  conditions. 

Three methods discussed genera l ly   in  the section on C O M S l D E W I O N  
O F  WAIL, BouNIlc1Ky-LAyER '-ICs for  determining  the flow conditions in 
the  compressor are presented here t o   i n d i c a t e  the possible uses of the 
available  equationa  and data. In discussing these methods, it is  as- 
sumed tha t  the compressor t i p  geometry and aerodynamic conditions are 
known (i.e., inlet and   ou t le t   t ip  radii, wheel speed, limiting-loading 
parameter,  and ax ia l   ve loc i ty   r a t io )  and that W e t  values  for  pressure, 
temperature, weight flow, and  velocity axe known. It is  assumed that 
t h e  radial veloci ty  terms may be neglected. The tangent ia l   veloci ty  dis- 
t r ibu t ion  is taken t o  be t h e  prescribed  outlet  variable. The values 
selected are n o t   t o  be considered as uniquely  desirable  values. They 
are chosen m e r e l y  t o   i l l u s t r a t e  the methods of solution of the de- 
sign  equations. It should be emphasized that, once the preliminary 
flow and geometry conditions are determined, it w i l l  be necessary 
t o  r e v l e w  the design procedure t o  ensure the attainment  of satisfac- 
tory performance. 

Method I 

As pointed. out  previously,  the  solution of the  flow  equations  by 
method I assumes a complete knowledge of the radial variations of energy 
addition o r  tangent ia l   veloci ty  after the ro tor  as w e l l  as the radial 
var ia t ion of  entropy even into the wall boundary layers. Because of the 
lack of suf f ic ien t  data of t h i s  type, this method may not  be  generally 
usable at the present time. 
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The steps  itemized i n  the following sect ions  for   appl icat ion of 
method I fo l low as closely as possible  the  procedure enumerated i n   t h e  
previous  section. 

Inlet guide vanes. - 
(1) T i p  radius and hub-tip  radius  ratio  at  the  discharge  of the in- 

le t  guide  vanes are specified. 

(2 )  'Phe desired weight  flow is specified. This weight flow will be 
used in the continuity  equation t o  determine the magnitude of axial ye- 
locity  required. 

(3)  The radial   d is t r ibut ion of tangential   velocity i s  specified. 
(Some reetr ic t ions on this are  given i n   r e f .  30.) 

( 4 )  The outlet  stagnation  temperature is equal t o  the in l e t  stagna- 
t i o n  temperature and is  constant  radially. 

PC 
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(5) The radial dis t r ibut ion of loss  (D is assumed from w a l l  t o  wall 
- 

on the  basis of data  obtained f'rom similar blade  sections. The radial 
dis t r ibut ion of outlet  stagnation  pressure is computed from equation (D5b). 

(6) The rad ia l -var ia t ion  of axial   veloci ty  i s  computed from equation 
( D m  

(D7 1- 
(7 )  The density  variation  along the radiue is computed from equation 

(8) The magnitude of the  axial   veloci ty  is determined by trial-and- 
error  application of the  continuity  equation (eq. (D8)) with the blockage 
fac tor  Kbk equal  to 1.0. It should  be emphasized that i n   t h i s  method 
the  veloci t ies  are calculated  into the wall boundary lay- so that addi- 
t i ona l  boundary-layer  corrections  are  unnecessary. 

Rotor. - 
(1) The t ip   r ad ius  at the rotor discharge i s  specified. 

(2)  The axial   veloci ty  a t  the   t i p   r ad ius  after the  rotor  is speci- 
fied. The t i p  tangential   velocity after the  rotor  is then  calculated 
from equation ( D l O a )  f o r  a specified value of diffusion  factor  (cormistent 
with low loss  or  high efficiency) and an assumed t i p  sol idi ty .  

(3) The radial dist r ibut ion of tangent ia l   veloci ty   af ter   the   rotor  
is specified. 

( 4 )  The radial dis t r ibut ion of stagnation  temperature aFter the  rotor  , 
is computed from equation ( D l ) .  
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(5) The radial d is t r ibu t ion  of  loss from w a l l  t o  wall is assumed 
from the diffusion-factor - loss correlat ion of f igure  6 (which is re- 
plot ted from ch. VII) and  from data taken i n  the wall boundary layers.  
The radial d is t r ibu t ion  of stagnation  pressure after the ro tor  is cal- 
culated from equation (D5a) .  

(6) The radial d is t r ibu t ion  of axia l   ve loc i ty  is calculated from 
equation (DJb) using the epec i f ied   t ip   ax ia l   ve loc i ty  as the init ial  ref- 
erence  veiocity vZ, i. ~ “”. -c 

(7 1 The radial d is t r ibu t ion  of density is computed from equation 
037 1 - 

(8) The hub radius after the   ro tor  is determined from equation (D8) 
w i t h  t he  blockage f ac to r  Kbk equal   to  1.0. If this hub radius causes a 
shift i n  the streamline  configuration from that used i n  the i n i t i a l   c a l -  
culation, it may be necessary to   r epea t  t h i s  procedure using the modified 
streamline  locations. 

Stator.  - 
(1) The t i p   r a d i u s  at the discharge of the s t a t o r  blade row is 

specified. 

(2)  The axia l   ve loc i ty  and tangential velocity a t  the t i p  radius 
after the stator  are  specified.   considering the ef fec t  of these values on 
the losses  and on the characteristics that are desirable   for  the following 
ro tor  row. 

(3) The radial d is t r ibu t ion  of tangential   velocity a f te r  the s t a to r  
is specified. 

(4) The radial var ia t ion of stagnation  temperature is assumed to be 
the same after the s t a t o r  as at  the inlet t o  the s ta tor .  

(5) The radial d is t r ibu t ion  of loss from w a l l  t o  wall is assumed from 
boundary-layer data of similar s t a to r s  and  from the  dlffusion-factor - 
1oss.correlation of chapter V I I .  The radial d is t r ibu t ion  of  stagnation 
pressure is computed from equation ( D 5 b ) .  

(6) The radial d is t r ibu t ion  of axial velocity is computed from equa- 
tion (D3b). 

(7) The density  variation  along the radius is computed from equa- 
t i o n  (D7). 

(8) The hub radius after -the s t a to r  is determined from equation (El)  
w i t h  the  blockage  factor Kbk e q U d  *O 1.0. 
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Method II 

The essential   difference between solution of the  flow  equations by 
t h i s  method and solution by method I i s  that the flow dis t r ibut ions axe 
computed using  available  blade-element data as i f  no wall boundary layers 
were present.  Appropriate  correction  factors  for  the  effects of the  wall 
boundary layers  are  then  applied.  Specifically,  the  principal differ- 
ences are i n  the  evaluation of the loss distribution  along  the  radius 
(step (5) of method I) and in  consideration of the  w a l l  boundary-layer 
blockage  factor  in  the  flow-continuity  condition  (step (8) of method I). 
The radial variat ion of loss f o r  method II is determined from blade- 
element considerations  alone and  does not go into the wall. boundary- 
layer   effects .  The blockage factor  Kbk used i n  applying  the  continuity 
equation (D8) i n  method 11 is some value less than 1.0. As pointed  out 
in   reference 15, it-.may vary f'rom 0.98 t o  0.96 through  the compressor. 

The isre equation  can  also  be used i n  t h i s  method for  an i n i t i a l  ap- 
proximtion of the flow o r  for  cases  .in which the  radial gradients of en- 
tropy  are  negligible. In these  casesJ  equation ( E a )   o r  (D2b) is used 
i n   s t e p  ( 6 )  of method I. Equation (Dl11 may be used t o  compute the   ax ia l  
velocity  distribution f o r  the  case of blade rows having negligible radial 
gradients  of  stagnation  temperature and pressure. In applying  equation 
(Dll), however, it is necessary to   specify the flow-angle  distribution 
after the blade row rather  than  the  tangential   velocity  distribution. 

Method III 

The principal  difference between the  solut ion by t h i s  method and 
tha t  by method II is in  consideration  of.  the blade-element loss. Rather 
than  estimating a blade-element loss cu' , an average rotor row eff  iclency 
is assigned i n  t h i s  method. It i s  then assumed that the   ro tor  blade- 
element efficiency is equal t o  t h i s  average  rotor  efficiency. The s t a to r  
losses may then  be  considered by specifying  an  average  stage  efficiency. 
The stagnation  pressure after the  rotor  and s t a to r  blades may then be 
determined from the  rotor  and  stage  temperature  ratios  and  the  appropriate 
efficiencies.  The isre equation ( ( E a )   o r  (D2b)) is then  used in  calcu- 
la t ing  the velocity distribution af ter   the   blade row. A method v y y  
similar t o  this one is presented  in  chapter ZX, i n  which the  solution 
is accomplished by the  use of charts. 

- 

It must be emphasized that the  previously  outlined  calculations  are 
t o  be  considered  as  preliminary  calculations.  After  the  annulus area 
geometry is determined, it will be  necessary t o  review  and  probably re- 
calculate  the  design  to  determine the final flow conditions  through  the 
compressor. . .  
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Naturally,  other forms of these  equations  can  lead  to  variations  in 
the  design  procedure. It should be noted, however, that any var ia t ions 
must use self-consistent boundary-layer  correction  factors.  Indiscrimi- 
nate use of correction  factors can lead t o  a design that is as poor as o r  
worse than one i n  which boundary-layer  corrections  are  completely 
neglected. 

The radial veloci ty  terms may be  Included fn t he  methods presented 
w 
41 

if the  streamline  slope i n  the  meridional  plane is estimated. Thus, t he  
LEl radial   veloci ty  i s  related t o   t h e  axial velocity.  This  necessitates re- 
tP ta ining  the radial velocity terms i n  equations (D7)  and (D13) . 

Some secondary-flow ef fec ts  may also be considered  'for  certain  specif- 
i c  cases i n  the' design system. For  instance,  reference' 30 presents a 
method of  considering  the-Snduced  effects of the  trail ing  vortex  system 
on the  inlet-guide-vane  turning  angle.  Research on secondary-flow ef- 
fec ts  i~ annular  cascades will no doubt eventually lead to  correct ions 
in the  design system. 

As an i l lustrati-on of the  design  procedure of method I1 discussed 
previously, the design  calculations  for an in le t   s tage  consisting of 
in le t   ro tor  and stator  are  presented  here.  The given  inlet   conditions 
a re  as follows: 

PI = 2116 lb/sq f t  = ILL6 f t /sec 

T1 = 518.7' R 

Ve,1 = O 

rl,t = 1.5 ft 

MF = 35.0 (lb/sdc)/sq f t  

The following  design variables are selected.: 

Radial s ta t ions  ra, rg, ry, r6, rE at 10, 30, 50, 70, 90 percent of 

passage  depth. 

Kbk = 0.98 Kp, ?&, and KT are not  used. 
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(&$a = 1.0 

(%)a = 1.0 

r2,t = 1.44 f t  

r3,t = 1.44 f t  

Q R , a  = 1.0 

0 S,a = 0.7 

Values  used f o r  various  constants  are 

g = 32.17 ft /sec 2 c = 0.243 Btu/(lb)(OR) 
P 

J = 778.2 ft-lb/Btu R = 53.35 ft-lb/(lb)(oR) 

r = 1.4 

The value of inlet hub-tip  radius  ratio is computed from the f l o w  per 
unit frontal   area,  a x i a l  Mach  number, and t ip   rad ius ,  as follows: 

From s, 1, wt@/6AF, and figure 5, rh/rt = 0.377. 

The ac tua l  weight flow is obtained from 

AF, = m 2  = 7.069 sq f t  
1, t 

2- 
M 
M 

The conditions a t  the   ro tor   t ip   des ign   s ta t ion  a (10 percent  of 
passage  depth)  are computed next. From .% and reference 31, 

3 

a 1 - = 0.9658 a 
. .  .. . . . ." 

*I 1 
. .  . .  

al = 1078 ft /sec .. 

Vz,l  = a 1 M z , l  - - (1078)(0.6) = 647 f t / sec  

l,n = -  al%a 
= (1078)(1.1) = 1186 ft /sec 4 

1 
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p i ,  a = tan-' (5) a = 56. go 

= 46.0' 

= %,2,a, t an  $ '  2,a = 670 f t /sec 

The i t e r a t ion  procedure f o r   t h e  computation  of the   rad ia l   var ia t ion  
of gas state is  started by  selecting  the inlet rad ia l   s ta t tons .  The 
computation lineups and results for   the  veloci ty   calculat ions  using  the 
isre and nisre  equations axe shown i n  tables  =(a) and (b), respectively, 
where only t he  final results and final calculation  lineups of the  itera- 
tion procedure are  presented. 

I n  these  designs  the  variation  of  outlet  tangential  velocity is 
prescrXbed as a function of r2, so that an  analyt ical   in tegrat ion of t he  
isre  equation is possible. O f  comse,  graphical  or  numerical  procedures 
may also be used. This veloci ty   dis t r ibut ion is 

'e,2 = 'e,2,t (2-2) r2 , t  

It should  be emphasized tha t  this d is t r ibu t ion  is chosen on ly  t o  illus- 
trate the  design  procedure  for  the  general  case where radial temperature 
gradients are present  and  does  not  necessarily  represent  an optimum de- 
sign condition. The isre equation (ma} can  then be direct ly   integrated,  
with  the following resul t :  
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where the  a s ta t ion  is used as   the   in i t ia l   re fe rence   s ta t ion .  All the 
ter?m on the   r igh t   s ide  of equation (24) a re  known as  functions of the  
trial values of r2 (rz depends on the  selection of r2,t and r2,h, 
s i n c e   i n   t h i s  procedure  the radial s ta t ions were chosen a t  stated  per- 
centages  of  the  passage  depth). The f i n d  value of r2,h is  obtained 
by t h e   i t e r a t i o n  procedure of steps 6 t o  23 i n   t a b l e  II(a).  The weight 
flow is computed numerically  (e.  g., by plot t ing ( 2?ff+)kPV,rtr)2 a g a i n s t  
( r/rt)2 and carrying  out a graphical  integration) . 

Y 

* 

h 
In order   to  compute weight  flow,  density and, hence, starnation  pres- M 

sure must be  calculated a t  the blade-row outlet.  Stagnation  pressure can 
be computed from stagnation  temperature and the loss - velocity-diagram 
correlations  presented i n  chapters VI and VII. The design  chart (from 
data presented  in ch. V I I )  used  here to  relate  stagnation-pressure loss t o  
velocity diagram is shown in   f igure  6. Thie chart is used in   the  design 
procedure shown i n   t a b l e  11,. while an explanation of i ts  significance 
is given in chapter V I I .  Here (Ph/Pi)id is taken equal t o  1.0, which 
i s  exact  for a constant-radius  blade element. 

The s ta tor   design is simpler  than that f o r   t h e   r o t o r   i n   t h i s  case, 
since Vo,3 is chosen t o  be zero; however, the   basic  approach is the 
same.  The i s r e  equation becomes 

where again  the a s t a t ion  is used as the   in i t ia l   re fe rence   s ta t ion .  
The s t a to r  curve  in  figure 6 is used f o r  a l l  rad ia l   s ta t ions .  

The ro tor  and stator  design  using  the  nisre  equation is  carried  out 
with  the same design  conditions as prescr.ibed for the  design  using  the 
isre  equation. Thus steps 36 t o  44 af table   I I (b)   are   the same as those 
from 1 t o  9 .  The method of computing the  out le t .axia1  veloci ty  is now 
changed, since data from a previous approximaTion a re  used in  the 
solution. Here the   f i na l   r e su l t s  of the  isre solution e e  used t o  ob- 
t a i n  the loss  da t a   fo r   t he   i n i t i a l  n b r e  solut ion  for   out le t  axial 
velocity.  This is an  intermediate  step  for which t h e  data are  not 
presented in the  tables.  The nisre  equation f o r  out le t   axial   veloci ty  
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for  t h e  assumed conditions is 

w w 
4 
IP 

where 

-" - 

R S2,i - S2 = -J In.  
p2. i 

- 

Equation (25) was obtained under the following  restrictions: (1) 
tha t  Vr = 0, and (2 that  entropy and s t a t i c  temperature  vary  linearly 
w i t h  radius in the in t e rva l  of integration and thus the reference  radius 
is sh i f ted  from point t o  point,   start ing a t  a near   the  t ip .  This  solu- 
t i o n   i l l u s t r a t e s  a numerical solution of the  equilibrium  equation. The 
remainder of this calculat ion  for   the  rotor  is themsane as t h a t  for  the  
isre case. 

The loss estimates  for the s t a t o r  are made i n i t i a l l y  from t h e   i s r e  
solut ion  for   the  e ta tor ,  and the  entropy  variation is computed from these 
values. The stator  velocity-diagram  calculations  then  proceed as do the  
rotor  nisre  calculations,   using the equation 
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.1 The general  flow  equations that must be solved in  the determination 
of design  velocity  distributions and  flow  passage.configuration in com- 
pressors have- been  presented. I n  general, it i s  f e l t  that more data a r e  
required  to  accurately  establish  the boundary-layer effects  and  correc- 
t ion   fac tors  on weight flow or annulus  area and average  stage  pressure 
r a t i o  and efficiency. It is  expected, however, that the boundary-layer 
correction system discussed i n  this  chapter wil? lead t o  a sat isfactory 
design  approximatiqn. ;~ The. need for  concentrated  analytical and experi- 
mental work is indicated by the  lack of s > t i ~ & c - f ~ ~ i ~ " i i ~ i m t e d  ~3aalcuXi 
t i on  procedure6 for  determination of velocity  dist-ributions where 
streamline-curvature  effects  are large. In the high-performance com- 
pressors  beirg  consider&. a t  the  present time, accurate  prediction of 
design-point performance,may not  be  possible until these  curvature ef- 
f ec t s  can  be  considered i n  the  &sign  procedure. For the:  time  being, 
these three-dimensiona1-flow  problems may be  allevlateb by geometric 
mudifications of the hub and casing  profile. It should be reemphasized 
here that the  compressor design  procedure is  a trial-and-error compromise 
procedure. It is generally  necessary t o  go through  the  design  calcula- 
t ions a number of times before a l i  elements of t he  compressor may be con- . -  
sidered t o  be satisfactorily designed  with  respect t o  aerodynamic and t 

mechanical considerations. 

T t c .  
lc 
M 
M 

. 

.. 
. . . . . . . . . . . a .  

" 
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TAEKE I. - Conclvrded. 

- 
T1 

- 1  

DESIGN EQUATIONS 
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TABLE 11. - CALCULATION PROCEJNRZS 

( a )  Using i s re  equations 

7- 1 - 
3 t e  
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47 

48 
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58 

59 
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67 
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TABLE II. - Concluded. CALCULATION PROCEDURES 

(b) Using nisre equations 
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Figure 1. - T y p i c a l  entropy distribution after compressor 
blade row. 
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(b) Constant energy addition. 
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(c) Constant stagnation-pressure ra t io .  
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Figure 2. - General effects of w a l l  boundary layer. 
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Figure 3. - Effec t  af wallbmndary.layer on axial veloc i ty .  
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Figure 5. - Weight-flow - Mach number characteristics 
f o r  various values of hub-tip ra3ius ratio. 
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Figure 6. - Design c h a r t  relating C 0 6  &/2u t o  diffusion factor  
(from ch. VII). 
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CEIART PROCEDURES FQR DESIGN VELOCITY DISTRIBUTION 

By Arthur A. Medeiros and Betty Jane H o d  

A series of charts   for   the  solut ion of the flow equations  used i n  
the  design of axial-flow compressors i s  developed. The equations, which 
are presented i n  chart form, are  radial equilibrium  (in a simplified 
form), continuity of flow, energy addition,  efficiency,  vector re-- 
tions, and diffusion  factor. 

Because the  charts are based on general f low equations,  they  can  be 
used in  the  design of any axial-flow compressor. An example of  the  use 
of the  charts  in  the  design of a stage  consisting of  a rotor  and stator 
blade row is presented. Comparison of the  pertinent  design  values ob- 
tained by the  chart  procedure  with  analytically  calculated values indi- 
cates   that  good accuracy can be attained  by  careful use of the  charts.  ' - 

INTRODUCTION 

The ove r -a l l  design  requirements of a i r  flow and pressure   ra t io   for  
t he  compressor component of a gas-turbine  engine are generally  determined 
on the   bas i s  of a cycle   analysis   for   the  par t icular   appl icat ion of the  
engine.  For many present-day aircraft applications, an axial-f low com- 
pressor is selected  because of i ts high  efficiency and high flow per   uni t  
f rontal   area.  

The general geometry of the  compressor, such BB t h e   t i p  diameter, 
blade speed, i n l e t  and  discharge Etxial velocit ies,  and i n l e t  and discharge 
areas, i s  determined by consideration  not  only of  the  compressor but   a lso 
of the co?ibustor  and turbine components of the engine. The select ion of 
i n l e t  axial velocity, compressor blade speed,  and inlet hub and t i p  diam- 
eters involves a compromise among high  weight f l o w  per   uni t   f ront& 
area (low hub-tip diameter r a t i o  and high  axial  velocity),  high stage 
pressure  ra t io  (high blade speed), and reasonable  turbine  blade stresses 
( low blade speed, low axial   velocity,  and high  hub-tip diameter r a t i o ) .  
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The magnitudes of the  axial velocity and blade  speed must a lso  be compro- 
mised on the  basis of the   e f fec ts  of the  resul tant  Mach  number 011 blade- * 
section  efficiency. Compressor blade stresses, other  than  vibratory 
stresses,  play  only a smal l -par t   in   th i s  .compromise.  The factors   affect-  
ing  these  considerations are discussed more cmpletely  in   chapter  I1 
(ref .  1) and i n  reference 2 .  

. . .  

Other compxrmises.must be made i n   t h e  compressor design in   addi t ion  
to   the  inlet   configurat ion.  The compressor-discharge  velocity must be 
adjusted on the  basis of  compressor diffuser and combustor-inlet  require- 2J 
ments. Low compressor-discharge axial velocit ies are favorable  with re- m 
spect t o  combustor efficiency; however, high axial velocit tes are desira- 
b le  through the compressor f o r  attaining  high stage zressure r a t i o s  and 
hence decreasing compressor weight. With the  inlet and discharge axial 
velocit ies selected, it is then  necessary to   preecr ibe a stagewise v a r i a -  
t i o n   i n   t h e  axial velocit ies and blade-loading limits such t h a t  a reason- 
able hub shape i s  obtained. 

M 

Another variable  that  must be dealt with is  t h e  radial dist r ibut ion 
of  tangential  velocities. Mot a great deal of information is available 
on the  over-al1,desirabil i ty of  the  various  radial  distributions of ve- 
loc i ty  diagrams, so tha t ,   fo r   the  most part,  the  choice is-a .matter of 
experience  with some particular  distribution. 

It is obvious,  then, tha t ,   wi th   th i s  wide selection of combinations 
of axial and radial distributions of velocit ies and the  compromises re- 
quired  because of the  factors  affecting aerodynamic  performance, weight, 
and mechanical r e l i a b i l i t y  of the-various components, many cornpressor 
configurations are possible   to  meet the  given..over-all desim require- 
ments. Some preliminary  design  ca&mlations are therefore  necessary  be- 
fore a f i n a l  compressm- configuration i s  selected.. 

Each of these  prelhinary  design  calculations  requires  the  solution- 
of the  fundamental  flow  equations alter each blade row. The application 
of the  fundamental  flow  equations t o  compressor design is  d.iscussed i n  
de ta i l   in   chapter  VIII: However, the  complete design  procedure presented 
in  chapter.VII1 would be  very time-cansuming i f  used f o r  the purpose of 
design  evahatioas. It is desirable   to   put   the  f'undamental flow equa- 
tions applicable  to compressor design i n  simple and eas i ly  used chart 
form. 

". . 

Another reason  forsimplifying  the compressor design pro.ce&e for 
cer tain  appl icat ions  is- the  i terat ive nature of the  complete design pro- 
cedure. The i te ra t ion  i s  a result of. the. mutual interrelat ion between 
the  calculation of  the radial dis t r ibut ion af velocities,  the  passage - 
shape of the compressor, and .the  selection  of-blading  to  achieve  the radial 
distributions of velocity. For example, the axfal veloci ty   dbtr ibut ion 
after any blade row is B function not only of "the radial distribution of 
t€bn@;ential velocities but a lso  of the  energy gradient and the gradient - .  

.. . . 

" - "" 

# 

. .  . - 



NACA RM E56B03a . 211 

w w 
0) 
rp 

d B 

. 

of  losses. However, the  tangential  velocities (or  energy) and losses are 
functions of the  blading and the  angular  sett ing of the  blading  with  re- 
spect t u  the  flow. The general  procedure is to   prescr ibe  the desired 
radial   d is t r ibut ion of tangential   velocity  or enerQy and assume a loss at 
each rad ia l   s ta t ion  at which the  axial   veloci ty  i s  t o  be calculated. The 
calculation .of the   axial   veloci ty  t o  satisfy  the  radial-equilibrium condi- 
t ion  completes the  vector diagram,  and it is  then  possible  to select blad- 
ing on the   bas i s  of data such as that  presented in chapters V I  and VII. A t  
this  point,   the Losses for   the  selected  blade  sect ion can be obtained from 
blade-element data and  checked against   the assumed losses. If the assumed 
and calculated  losses are -a f f ic ien t ly   d i f fe ren t ,   the   en t i re   ca lcu la t ion  
must be  repeated  with new assumed values  of losses. 

Streamline  curvature,  particularly  in  stages  with low hub-tip diame- 
t e r   r a t i o s  and high pressure  retios, w i l l  a f fec t   the  radlal dis t r ibut ion 
of axial velocity. Some of the  factors  that   control  the  streamline curva- 
t u re  and methods of analyt ical ly   correct ing  for   the  effect  on axial  veloc- 
i t y  are discussed in chapter VLU: and in  references 3 to 7. It i s  obvious 
that the hub and t i p  diameter variation  through the cctmpressor will greatly 
influence  the  streamline  shape.  Therefore, a preliminary  design calcula- 
t ion  i s  necessary t o  determine  the  approxhnate  passage shape variat ion be- 
fore  streamline-cunmture  corrections  to  the axial velocity can be made. 
For this reason, also, it is advantageous t o  have the preliminary design 
procedure i n  easF ly  used chart form. 

This  chapter  develops and presents a chart  procedure f o r  the design of 
axial-flow compressors using any consistent set of assumed design  values 
and velocity  distributions.  The radial-equilibrium  equation  (in  simpli- 
fied  form),  the  continuity  equation,  the  energy-addition and efficiency 
equations,  vector  relations, and the  diff’usion-factor  equation  (see  ref. 
8) are presented i~ graph form. 

The  method can be  used f o r  ma;king preliminary  design  calculations 
t o  determine  the compressor configuration  to meet given  over-all perform- - 
ance  requirements  with any given set of aerodynamic l imitations such as 
Mach number and blade-loading  levels. It can also be used as the  first 
s t e p   i n  a complete  design  procedure t o  determine in i t i a l   ve loc i ty  diagrams 
and passage  shape  variations. An i n t e l l i gen t  estimate of losses   in   the  
blading and streamline.  curvatures due t o   t h e  w a l l s  can then  be made, so 
tha t   i t e r a t ions   i n   t he  complete  design  procedure  can  be minimized or  e l i m -  
inated. When the  corrections t o  the  design due t o  entropy  gradients and 
streamline  curvatures are expected to   be  small, the  char ts  can be  used 
fo r  f i n a l  design  calculations,  provided, of course, that   they are used 
with caSe and judgment. An example of the use of the   char t s   in   the  de- 
sign of an axial-flow compressor i s  presented  herein, and the re- 
s u l t s  of the  graphical  procedure  are compared f o r  accuracy  with  analyti- 
cal ly   calculated values. 



212 NACA RM E56B03a 

A 

a 

&a 

B 

C 

cp 
D 

2F 

€3 

H 

J 

Kbk 

M 

P 

- P  

R 

SYMBOLS 

The fallowing symbols are  used i n  this chapter: 

area, sq f t  

speed of saund, f t / s ec  

speed of sound based on stagnation  conditions,  ft/sec 

c -t v,Z - v;,~, (ft /sec) '  

2gJcp(Ti - T) , ( f t / sec)  

specif ic  heat a t  constant  pressure, 0.243 Btu/(lb) (OR) 

diffusion  factor  

blade  force  acting on gas,  l b  

acceleration due to   gravi ty ,  32.17 f t / sec2  

total or stagnation- enthalpy,  Btu/lb 

mechanical  equivalent of heat, 778.2 ft-lb/Btu 

wet ght- f low blockage factor 

Mach number 

t o t a l  o r  stagnation  preseure,  lb/sq ft 

s t a t i c  or stream  pressure,  lb/sq f t  

'gas constant, 53.35 f t - lb / (  lb) (%) 

radius, f t  

entropy,  Btu/( lb) (OR) 

t o t a l   o r  stagnation temperature, OR 

s t a t i c  OT stream temperature, OR 

rotor  speed, f t / s ec  - 

air velocity,   f t /sec 

e 

c 
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z 

B 

Y 

6 

k d  

e 

P 

a 

w 

w 

weight flow, lb/sec 

coordinate  along axis, f t  

afr angle, angle between air velocity and axial direction, deg 

r a t i o  of spec i f ic  heats, 1 .4  

r a t i o  of t o t a l  pressure t o  NACA standard  sea-level  pressure of 
2ll6 lb/sq f t  

”- .. . .- 
adiabatic  efficiency 

r a t i o  of t o t a l  temperature t o  NACA standard  sea-level  temperature 
of 518.70 R 

density,  Ib-sec‘/ft* 

so l id i ty ,   r a t io  of chord t o  spacing 

angular velocity of ro to r ,   r aaas s / sec  

total-pressure-loss  coefficient 

Subscripts : 
.. 

an 

av 

b 

C 

F 

h 

i 

k 

2 

m 

R 
I 

annulus 

average 

r ad ia l   s t a t ion  midway between t i p  and mean 

rad ia l   s ta t ion  midway between mean and hub 

f ron ta l  

hub 

reference  position, radial s t a t ion  where variables a re  known 

continuity value, value corrected f o r  boundary-layer  blockage 

local  value of flow per unft annulus area 

mean 

rotor  
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radial direction 

s t a t o r  

NACA standard sea-level conditions 

t i p  

axial direction 

tangential   direction 

s ta t ion  a t  inlet t o   r o t o r  blade row at equispaced  distances  across 
annulus 

s ta t ion  a t  e x i t  of rotor  blade row at equispaced  distances frm 
t i p   t o  assumed hub 

s ta t ion  st e x i t  of rotor blade row a t  equispaced distances across 
annulus 

s ta t ion  a t  exit of s t a to r  blade row a t  equispaced  distances a c r o ~ s  
annulus 

Superscript: 

1 relative t o  rotor  

DESIGN EQUATIONS 

The flow equations  applicable t o  ccmrpressor design are discussed i n  
d e t a i l  in chapters I11 (ref. 1) and VIII. These equations, in the form 
usually used i n  compressor design, are a8 follows: 

Radial equilibrium: 

Continuity : 
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Energy addition: 
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Adiaatic  temperature-rise  efficiency: 

Diffuslon  factor: 

. State  : 
- 

" 

f 

T1 - loo 
& 

- 
. Mach number: 

V 
M = q "  

(7) 

In   addi t ion  to   these are the  trigopometric  relations  equating  veloc- 
i t ies and flow angles, and the  adiabatic  relations  equating  the  static 
and stagnation values of .  pressure  and. temperature. .The adiabatic rela- 
t ions,  as f'unction of Mach number, are presented  in-tabular form i n  ref- 
erence 9. 

Equations (6) and (7)  can be  handled  conveniently by using  readily 
computed stagnation  conditions,  instead of static  conditions,  and using 
the tables of  reference 9; therefore, no charts a r e  deemed necessary t o  
determine state conditions  and Mach umbers. C h a r t s  for   the   solut ion of 
equations (1) t o  (5) and the  vector  relations are presented  herein. 

c 
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FORMULATIOM OF CHART'S 

Radial E q u i l i b r i u m  

In order to  calculate  the  vector diaa;rams fo r  an axial-flow  turbo- 
machine, it i s  necessary t o  satisfy  the  radial-equilibrium  condition 
given  as  equation-cl). .For the purpose of preliminary  design  analyses 
and, i n  some instances, even f o r  the  f inal   design procedure, it i s  possi- 
b l e  to simplify  the  equation. 

Inasmuch as the  equation i s  usually applied between blade rows, the 
blade  force  term 2F is  zero. If the  entropy  gradient as/& is assumed 
zero and the  streamline  curvature is assumed small 60 tha t   the  change in 
rad ia l   ve loc i ty   in   the  axial direction aV,/az can be  neglected, equa- 
t i o n  (I) can be  written 

Equation (8) i s  the  isentropic simplified-radial-equilibrium equation 
t h a t  is widely  used i n  the design of  axial-f low compressors  and w i l l  be 
put i n  chart form. 

Integration af equation (8) between any radius r and the radius 
a t  which a l l  values  are known ri gives  the  following: 

If the  absolute  tangentid  velocity Ve is expressed  analytically  as a 
function of raaFus r, the  integral   in  equstion ( 9 )  can be evaluated ana- 
l y t i ca l ly  and the  equation  solved f o r  any desired  variable. However, it 
is sometimes impossible  or  undesirable t o  use a dis t r ibut ion of tangen- 
tial velocity  that  makes equation (9)  convenient t o  apply. 

If it i s  assumed that Vg/r i s  linear  with  respect t o  r over the 
interval  ri - r, equation (9) can  be m i t t e n  

.. . 
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With a rearrangement of terms, equation (10) becomes . 

8 
N 
(1, 

Equation (11) i s  presented  in  graph form in   f igure 1. In   the  first quad- 
rant,   the  tangential   velocity  ratio Ve/VG,i i s  plot ted against the  
r ight   s ide of equation (11) with  the  radius  ratio r/ri as a parameter. 
Then, with VB, as a parameter i n   t h e  second quadrant, t he  numerator of 
the left side of equation (11) appears as the  abscissa. Therefore, i f  
the  tangent ia l  velocities are known a t  two radii, use of t he  first two 
quadrants of figure 1 w i U  g ive  a value f o r  

2gJ%(Ti - T)  + VE - V E , i  = B 

If the  radial in te rva l  i s  suff ic ient ly   c lose  for   the approximation of  
l i nea r i ty  between Ve/r 2 and r, the  value of B w i l l  be  that  required 
t o  satisfy  isentropic  simplified  radial   equilibrium between r ad ia l  sta- 
t ions ri and r. For convenience, l e t  

Then 

The t h i r d  quadrant of figure I is  a plot of B - C against V, 
with V,,i as the  paxameter. The abscissa of quadrants II and 111, 
then,  represents two values,  depending on w h i c h  quadrant i s  being  used. 
When used  with  the second  quadrant, its value is  B; when used  with  the 
t h i r d  quadrant,. i ts "value i s  B - C. If the  temperature g r d e n t  is 
known, C can be  calculated by the  use of equation (12). This  value is 
subtracted from the  value of B, determined  by  use  of t he  first two quad- 
rants of figure 1, and the  difference (B - C )  i s  used as the  abscissa of 
t h e   t h b d  quadrant  together  with  the known va lue  of axial   velocity Vz,i 
t o  determine the  value of axial   velocity V, at radius r. 

Although the  use of f igure 1 has  been  discussed on the   basis  of 
knam tangential   velocit ies and temperatures at all radii and solvlng 
f o r  t he  axial velocit ies,  it is obvious that  the  chart  can also be  used 
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. . 
with  other  assumptions. For example, t he  axial ve loc i t ies  and tempera- 
tures  can be assumed at all r a d i i  and the  tangent ia l   veloci ty  assumed at . 
one radius.  The tangent ia l   ve loc i ty   requi red   to   sa t i s fy   rad ia l   equi l ib"  
rim at all other radii can  then  be  obtained from the  char t .   In   other  
words, f i gu re  1 may be used t o  determine any independent  vmiakle  of 
equation (11). 

The accuracy  of  the method of u t i l i z i n g  fiwre 1 is l imited only by 
the  assumption of l i n e a r i t y  of V g / r  with  respect  to  radius.   For wheel- 
type  ro%a.tion,  for example, V$/r . is  l inear   with radius; therefore,  good 
accuracy  can  be  expected  regardless of the s i z e - o f  t h e   i n t e r v a l  ri - r. 
Eowever, with  nonlinear radial variat ions of V$/r, the  accuracy of the 
resul ts   obtained from figure 1 w i l l  depend on 'tlie interval   used.   hor  
this   reason,  a small radial in t e rva l  i s  recommended. 

In  order t o  i l lustrate t h e  effect of   the   rad ia l   in te rva l  on the  ac-  
curacy of t h e   r e s u l t s  of f igure  1, axial ve loc i t ies  were read using 3 
and 7 radial posit ions.  An arbi t rary,   nonl inear  radial d i s t r ibu t ion  of 
Ve/r w a s  assumed. The d is t r ibu t ion   of   t angent ia l   ve loc i ty  is a combi- 
nation  of  constant, wheel,  and vortex  rotations.  The assumptions  and 

2 

results are as 

.75 
.7 
.6 
.5 

f o m w s  : 

Ve 

Percent V, Percent V, 
procedure procedure 
7-Point  chart 3-Point  chart Calculated 

vz 

e r r o r   e r r o r  

600 

0 921 1.2 9 lQ 921 150 
.2 844 -" -" 846 360 
.1 743 --- -" 744 484 

0 691 1 . 2  6 83 691 525 
.3 636 "- -" 638 555 

0.4 536 538 590 
450 "- 450 450 "- 

-" "- 
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t . 
A s  the   t ab le  shows, even with  the  larger  radial   interval  the  errors  in 
axial velocity are o n l y  1 . 2  percentj however, with  the  7-radial-position 
procedure, the  error  is reduced t o  a maximum of 0.4 percent. It should 
be  noted  that  the radial intervals  used  in  the  7-position  procedure are 
not a l l  equispaced;  an extra poeition w a s  used at r/rt = 0.75. The 
error  in  the  region of t h i s  smallest in te rva l  wa6  0.1 percent. Thus, 
extremely good accuracy can be obtained by the  use of the   radial-  
equilibrium  chart, even with  nonlinear  distributions of $/r, i f  small 
radial intervals  are used. 

Continuity 

Another condition  that must be   sa t i s f ied ,   in   addi t ion   to   the   rad ia l -  
equilibrium  condition, i s  continuity of flow: 

The use of the  boundary-layer  blockage fac tor  Kbk i n  canpressor design 
is discussed  in  chapter  VIII. From the  equations of s t a t e  and Mach number 
and the  adiabatLc r e l a t i o n s ,  the  following  equations can be  obtained: 

and 

1 

Substituting  equations (14) and (15) into  the  continuity  equation ( 2 )  
produces the following expression: 
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Writing  equation (16) i n  terms of equivalent weight flow, 

The par t  of the  integrand  in  brackets is  the  lo_c& value  .(value at radiue 
r )  of equivalent  weight flow per  unit  annulus  area: 

The first quadrant of f igure 2 is a p lo t  of equation (18). The 
local  value of equivalent flow -per  unit animlus mea  i s  plotted  against 
absolute  resultant Mach  num'tjer for  constant  values of absolute flow 
angle.  Local  valuee of equivalent flow per   un i t  annulus area can be  
determined from f igure 2 f o r   a l l   r a d i i   a t  which the  vector diagrams have 
been  determined;  then, the  continuity  value of equation (17) become6 

The integral  can  be  evaluated by a graphical  or  mathematical  procedure, 
and either  the  continuity value of equivalent flow, the t i p  radius,  or 
the hub. radius can be  calculated, depending on which conditions  are 
given . 

w 
Q3 
M m 

, 

. 

If the  radial  gradient af (w@/E~&)~ is  small, suff ic ient  accu- 
racy  in  evaluating  the  integral  can be attained by using  either an ar- 
ithmetic  average or the mean-radius  value of local  equivalent flow per 
uni t  annulus  areas. This, of course, means th s t   t he  hub snd tfp d i m -  - 
ters must either  be known or assumed.  The continuity  value of the flow 
per  unit  annulus  area  then becomes 

The annulus  area of the compressor i n  terms of the  frontal   area and hub- 
t i p   r a d i u s   r a t i o  is given  by 
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Combining equations  (20) and (21) gives 

o r  

Equation (22) is plot ted Fn the  second  quadrant of figure 2 J with 
wfl/6pLan as the  ordinate, x@,/6Ap 88 the  abscisfia, and rh/rt as   the 
parameter. After determining  values of (w@/6A,) at a l l  radii at  
which the  vector diagrams have been  calculated, (~fl/&A,,)~ is computed 
from equation  (20). Then t h i s  va lue  is used in the  second  quadrant t o  
find  the  value of  rh/rt f o r  a given  value of  w@/6AF. If' the  specif-  
i c  weight flow w@/6AF is specif ied at one axial s ta t ion  (11, t h e  
value at any other axial stat ion  (2)  is obtained as follows: 

.. 

where ( T Z / T ~ ) ~ ~  and ( P z / P ~ ) ~ ~  are arithmetically averaged  values  across 
the  annulus. 

If the  value of hub-tip  radius  ratio determined by t h i s  procedure is 
great ly   different  from t he  value assumed for the  purpose of averaging  the 
local  values of f l o w  per unit  annulus area i n  equation (20) and the  tern- - perature and pressure  ratio  in  equation (23) , it w i l l  be  necessary t o  

c repeat  the  procedure  with  a new assumed radius   ra t io .  
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By proper  use of figure 2 and equations" -(ZO) and (23), the  conti- 

nuity  requirement, .with any consistent set of assumptions,  can be met. 
Use of the  charts  and equations i s  shown in a specif ic  example l a t e r   i n  8 

this   chapter .  

. ~ . .~ 

* 

Energy Addition and Efficiency 

The energy  addition acros6 a rotor  blade element i s  a finction of 
both  the change in-tangential   velocity and in  blade  speed  acrom the 
blade row. The magnitude of the energy addition i s  given  by  Euler' s 
equation as 

o r  

Solving  equation (24)  f o r  the  temperature  ratio T2/T1 acrom the 

blade element gives 

or, by using  equivalent  velocities, 

+ 
gJcpTs 2 

where 

AVe = Ve,z - Ve,l 

and 

AU = u2 - u1 = w ( r 2  - rl) 
The last term on the  r ight   s ide of equation (25) i s  the contribution t o  
the  temperature  ratio of the change i n  radius across the blade element; 
therefore, i f  the  design i s  carried  out on cyl indrical  stream surfaces * 

I 

b-1 = q ) ,  equation (25) -can k e  used i n  the following form: 
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Equation (26) is p l o t t e d   i n  quadrant I of figure 3 with Tz/Tl as a 
function of A V ~ /  6 for  constant d u e s  of u1/6. 

If there  is a change i n  streamline radius across  the  blade element, 
figure 3 can still be used  directly t o  determine the  temperature  ratio 
because of the change in  tangential   velocity.  The contribution t o   t h e  
temperature r a t i o  of t he  change i n  radius across t he  blade element can 
be  obtained  either  by  calculating  the last term of equation (25) or  by 
obtaining it from the  chart, and adding this value t o   t h e  temperature 
ratio  previously  obtained from the  chart  result based on U d f i  and 
AVO/&. In order to use  the chart for  obtaining  the last term of qua- 
t ion  (25) the  abSCiS8a is considered as ATJ/& and the  parameter as 
Ve,dq&.  The ordinate will then be the  value of the last term of equa- 
t ion  (25) plus l; therefore, l should  be  subtracted  from this value be- 
fore it is  added t o   t h e  first two terms of equation  (25). 

" 

The chart can also be used  for  any change i n  radius i f  either Ve,l 
or  Ve, Fs zero. If VQ, = 0, then U = U2 and AVO = Ve, 2; and, 
i f  Ve,2 = 0, then U = Ul and AVO = Vg,l. 

The second  quadrant of figure 3 gives  pressure  ratio as a function 
of temperature r a t i o  and adiabatic  temperature-rise  efficiency. The re- 
l a t ion  is as follows: 

I n  compressor desi& it may be b r e  desirable   to   specify a value of rela- 
t i v e  pressure-loss  coefficient Z instead of a blade-element  efficiency. 
A discussion of the relative pressure-loss  coefficient and its use i n  
compressor design can be found i n  chapters V I  and VII. If a re la t ive  
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pressure-loss  coefficient  is used, the adlabtic temperature-rise  effi- 
ciency can be  obtained  from  the following expression: 

Tad 

y-l 

Yz 

T1 
- - 1.0 

- 1.0 

Vector  Relations 

The  constant u e  of the  relations  between  velocities  and angles in 
the  compressor  velocity  diagram  warrants a chart  regardless of the sim- 
plicity  of  application.  Construction of the  chart  can  be  illustrated by 
inspecting  the fallowing two relations: 

vg + vg = v2 

and 

From  equation (29) it  can  be  seen  that, if V, and Ve m e  used ret- 

tilineax  coordinates,  constant  value8 of V will be  concentric circle8 
with Ve = V, = 0 as a center. U s i n g  the  same  coordinates, a plot of 
equation (30) would  produce  a”f8mily of straight  lines  going  through  the 
origin (Ve = V, = 0). The  angle  between  these  lines and the V, axis- 
would  be equal to the  value of . p.  

Such a vector  chart  is shown in figure 4 with Vz as the  abscissa 
and Ve as the  ordlnate. Obviowly, relative  values  of  the  velocities 
and flow angle can also  be  used i n  the  chart.  Further,  the  coordinates 
can  represent Mach numbers if the  decimal  point is changed f o r  the val- 
ues  appearing in both axes. .. 

Diffusion  Factor 

A blade-element-loading criterion  for axial-flow canpressors is 
developed  in  reference 8. ”he application of this loading criterion  to 
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blade  elements i n  cascades  and i n  colqpressors i s  presented i n  chapters 

usually  applied i s  given by the following expressions: 
- V I  and VII. The loading cr i ter ion,   or   di f fusion  factor ,   in   the form - 

The diffusion  factor  can be used i n  two  ways in coqressor  design: 
(1) With the  vector diagrams known, the   diffusion  factor  i s  computed 
and the energy losses across the  blade element are estFmated frm data 
such as presented in cbapters V I  and VII; or  (2)  a limiting  value of 
diffusion  factor  is prescribed and  the  conditions  required  to  satisfy 
the assumed diffusion f a c t o r p o r  given i n l e t  o r  outlet   conditions  are 
calculated. 

Although equation (31) is i n   s a t i s f a c t o r y  form f o r  the first of these 
purposes, it is not   direct ly   appl icable   for   the second  purpose. In  order 
t o  put  eqyation (31) in a form tha t  can be used t o  determine  conditions 
for  a prescribed  diffusion  factor,  it can be  wri t ten  in  terms of flow an- 
gles and axial   veloci t ies :  

In  the  application of this  equation,  flow  angles  are always taken rels- 
t i v e  to   the  blade r o w  under  consideration. 

A rearrangement of t e r m  produces the  follaTing  expression: 

Equation (32) is readily  adaptable t o  char t  form. The terns in   brackets  
on both sides  of the  equation  are  identical  with f31 subst i tuted f o r  
&Y and a(1 - D) subst i tuted f o r  cr; therefore, a s i n g l e  family of 
curves can be used to represent each function  inside the brackets. The 
r a t i o  of the two functions will be equezl t o  the axial veloci ty  r a t i o  
across the blade row. In order t o  simplify the ex-pression, l e t  

and 

Then, 
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Figure 5 i s  a p lo t  of X as a function of B l  for constant  values of 
u(1 - D). The same family of curves  represents Y as 8 function of p2 
for  constant  values of u. Figure 5 and eQWtion (35) can be used for- 
the  solution of equation (32) f o r  any desired  parameter. The use of f ig-  
ure 5 t o  compute diffusion  factor  with the velocity diagrams known and t o  
compute the  discharge flow angle  for  given  diffusion  factor,   inlet  con- 
dit ions,  and axial veloci ty   ra t io ,  I s  shorn in  the  fol lowing example. 

EXAMPIX 

The procedure i n  using  the  charts i s  best  illustrated by an example 
of the  design of an axial-flow-carpressor  stage. The stage  design assump- 
t ions were made so that they would provide a stringent  case  for  the  charts 
and a l so  t o  i l l u s t r a t e  as many uses of the  charts a8 pOS6ible. Yhe axial 
and radial s -b t ion  designations and a typical  vector diagram are shown i n  
f igures  6 and 7, respectively. The design assumptions  and calculation 
procedure are as follows. 

Compute the  vector diagrams, pressure ratio, temperature  ratio, Mach 
number, and diffusion"-factor a t  f i v e  equispaced radial positions and the 
passage shape f o r  an axial-flow-compressor stage consisting of ro tor  and 
stator  blade row to  meet the  following  specifications: 

Assumed design  parameters: 

I Parameter I Design value  Parameter 

0.6 11 
1.2 

1.42 f t  

1.41 ft 

OR, t 

=s, t 

1. I - 11 Kbk 

1.0 

0 

0.92 I/ = 
II 

Blade chords constant from hub t o  t ip  - 

Design value 

1Z0 R / f t  

0.35 

5 0.6 

5 0.6 

1.0 

0.7 

0.98 

0.02 

518.7' R 

2U6 D/sq ft 

. " - " 
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Parameter 

AF, 1 

C 

Procedure 

mtJl  = ~ ( 1 . 5 ) ~  

= 0.6, j31 = 0, and fig. 2 

snd fi$. 2 

MZ,l = 0.6 and ref. 9 

1.0 (1.00 - 0.35) 

V a l u e  

7.069 sq ft 

247 Ib/sec 

40.8 (lb/sec)/sq f i  

0.378 

0.567 ft 

0.3658 

1078 ft/sec 

647 ft/sec 

1294 ft/sec 

0.65 

2.16 

1.96 
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Calculated design  parameters - concluded: 

NACA RM E56B03a 

Parameter 

Ut,2 

Procedure 

UtJl (2) = (1120) - 
rl t (E:) 

Ut,2 - Vb,t,2 = lorn - 744 

and  fig. 3 

and fig. 3 

Tt,2 - Tt,l = Tl[(g)t - 1.01 

= 518.7 (1.1061 - 1.0) 

Value 

46.3' 

712 ft/sec 

1060 ft/sec 

316 f t /sec 

1.1061 

1.386 

55.03' R 
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8 ,  n L  a 1  I .  

WEE 

5 = 1078 

F1 -518.7 

Pmcedun 

2 + 1.0 
'1 

l" R a d i a l  poeltion 1 
1.500 

ll20 

1284 
60.0 

1.200 

1.420 

55 .a 

1.1061 

loSb 

316 

1.586 

b 

1.267 

046 

ll44 
35.6 

1.061 

1.207 

52.47 

1.1012 

901 

355 

1.366 

kan 

1.054 
-" 

772 

1006 
50.0 

0.833 

0.904 

49.92 

1.0982 

742 

409 

1.346 

C 

0.800 

597 

879 
42.7 

0.815 

0.780 

47.35 

1.0913 

502 

496 

1.326 

m 
0.56i 

42: 

33 .I 
77i 

0.7U 

a ,587 

44.79 

1.0864 

429 

645 

1.308 

. .   . .  -. . . . . . . .  . . . . .  
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Procedure 

FLc¶ple Kt men (:J2 - = (:) 
2 

i 

1 
""" 

""" 

""" 

""" 

""" 

712 

744 

1028 
46.3 

778 
23.8 

0.6828 

0.694 

- 

. r  . ,  
I 

b k:an 

0.82 

1 .x2 

I 
0.02iClO~ 

0.osuc1os 

.0.01m0~ 

688 

333 

783 
25.8 

50.6 
e# 

0 . W 7  

0.719 

. . . . . . . 

I 1.m 

O.a25X.lO6 

0 . W l o s  

0.L119XlO~ 

883 898 

as -222 

6aB1 
7 .o -17 E 

7 32 

I *  . .  
.. . r" . . .  . 



Parreneter 

%a 

= 35 

Tip 
41.2 

411.4 

28.6 

6.450 

1.420 

40.4 

88.8 

0.460 

1.420 

Radial mositim 
b 

9 . 2  

39.4 

SJ.0 

1.225 

39.7 

90.0 

1.228 

39.3 

3.6 

90.4 

1.m 

98.1 

56.3 

1.037 

0 b b  

95.8 

56.1 

31.1 

0.658 

55.8 

31.0 

0.853 

1 
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ParameCer 

!3a 

'38 

I 
3a 
5- 
'd) 
\% 1,Ja 

I 

-0.02 

OEQ3 WEE 
. .  . . . . . . . . . . . . . . 

3 .  I t  

R a d i a l  poeition 1 
F1B - 
0.85 

0.35 

""" 

""" 

712 

0.0067 

0.699 

9.7248 

1.378 

42.8 

b 

0.76 

0.35 

0.028Klo~ 

0.812 

0.7228 

1.360 

42 -0 

0.91 

0.35 

0.028Kl06 

.0.028)(108 

670 

0.6752 

0.593 

0.7132 

1.342 

41.3 

C 

1.17 

0 . S  

o.oea1@ 

o.W&x18 

650 

0.5572 

0.575 

0.8925 

1.324 

40.5 

h b  

1 .BO 

0.25 

0 .  OzeXloB 

. O . O Z m l ~  

829 

0 .%02 

0.557 

0.6417 

1.306 

39.7 



3tep 

- 
55 

56 

57 

$8 

59 

60 

61 

62 

63 

Parmetar 

e 

X 

rt,l = 1.50 
rt,+ = 1.41 

R a d i a l  position 

Tip 

41.9 

30.2 

0.70 

b.70 

0.44 

0.37 

o.ew 

b 

41.2 

30.6 

1.228 

0.81 

0.81 

0.80 

0.a 

0.40 

0.902 

%ai3 

40.5 

3Q.9 

. .  

1.W6 

0.QS 

' I  

0.95 

0.92 

0.54' 

0.43 

0.BW 

I 

! . .  . . .  . . . . . . . .. . . . . . . 

C 

39.7 

31.3 

0.864 

1.16 

1.16 

1.10 

6.63 

0.U 

0.899 

, I  

- 
Hub - 
38.9 

Y . 6  

o.Ea2 

1.48 

. .  

1.48 

0.72 

0.51 

0.E96 

1 

.. > I  

I' 
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- . 
COMPARISON OF CHART AND C- VALUES 

- 
c The more Fmportmt parameters obtained by uie of the  chart  procedures 

are summarized i n  the following table .  The analytically- calculated  values 
of the  parameters are Ellso given f o r  comparison and an indication of 
accuracy: 

Ch8rt procedure 
Radial position T 

Tip b 

1.200 1.061 

60.0 55.6 
46.3 39.2 

23.8 26.6 
712 697 

.694 -691 
.35 .35 
712 691 
.630 .612 
.37 .40 

.ID61 1.1017 
1.378 1.360 

Mean 

0.933 

50.0 

28.5 

30.0 
689 

.712 .35 
670 

.593 
-43 

1.0973 
1.342 

- 
C 

- 
0.815 
42.7 

13.1 

34.0 
684 

.744 
.34 
650 

.575 
.46 

.os29 
1.324 
- 

- 
Ebb 

0.7U 
33.1 

-6.7 

40.C 
689 

.822 
.25 
629 

.557 
.51 

. . o m  
1.306 

- 

- 

Tip 

1.200 
60.0 
46.3 

24.0 
712 

.695 
.35 
712 
.630 
.38 

L. l.066 
1.380 

R a d i a l  w s i t i o n  - 
b M e a n  

1.064 0.934 
55.7 50.0 

39.0 29.1 

26.6 29.9 
697 686 
.697 .?Lo 
.35 .?E 
692 671 
.6l2 .594 

.39 -42 
..lo21  1.0976 
1.360 1.342 

- 
C 
- 
0. a17 
42.7 

15.4 

34.1 
679 
.740 
.33 
648 
.574 

.45 
.09 28 
1.324 
- 

Comparison of the  values in  the  table   indicates   that  good accluracy can 
be  obtained w i t h  the  charts.  The l a rges t -d i f fe rences   in  axial veloc- 
i t ies  and resul tant  Mach ?iumbers were &%ut 2 percent,  occurring at the 
hub of the  rotor-discharge  station. A t  a l l  other   s ta t ions  the  differ-  
ences were less   than 0.7 percent. The flow angles  agreed  within 0.6' at 
a l l  stations  except  the h b  and c positions a t  the rotor  discharge, where 
the  chart value6 of the relative flow angles  varied 1.6O and 2.3O, re- 
spectively, from the  analytically  calculated  values. The passage areas 
obtained by the  chart  procedure w e r e  within 1.4 percent of the  analyti- .  
cally  calculated areas. 
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0 100 200 300 4UO 5@3 600 700 800 Po0 lOOd I100 1200 lSa0 14m .1500 1600 1700 1800 
Axial  relooi ty 

Figure 4. - Chart for vector relations. 
( A  l a w  oopy of thls  ohart m y  be obtained by using the  request oard bound in the h o k  of the report.) 
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Figure 7 - - Vector d iagram for typ ica l  stage. p, = p,, = 0.  
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PREDICTION OF OFF-DESIGN PERFORMAWCE OF MULTISTAGE CO?XPFECSSORS 

By W i l l i a m  H. Robbins  and James F. Dugan, Jr. 

SUMMARY 

Three  techniques  are  presented f o r  estimating compressor off-design 
performance. The f i r s t  method, which is based on blade-element  theory, 
is useful f o r  obtaining only a s m a l l  par t  of the compressor map over 
which all blade elements i n   t he  compressor operate   unstdled.  The second 
method, which involves  individual stage performance  curves and a  stage- 
by-stage  calculation, is useful f o r  estimating  the  performance of a com- 
pressor for which rel iable   s tage performance  curves a re  available. The 
th i rd  method, which is based on o v e r - d l  performance data of exis t ing 
compressors, may be  used t o  estimate  the complete  performance map of a 
new comgressor if the  compressor design conditions  are  specified. 

INTRODU(=TION 

The ava i lab i l i ty  of  good analytical  techniques f o r  predicting  per- 
formance maps of designed  compressors  reduces cost ly  and time-consuming 
t e s t ing  and development and in   addi t ion aids i n  se lec t ing   the   bes t  com- 
pressor f o r  a  given  application.  Specific  information  that is required 
to  achieve  these goals i s  the   r e l a t ion  between the staJJ"1imi.t l i n e  and 
the  operating  l ine and the   var ia t ion of efficiency and pressure   ra t io  
d o n g  the  operating line. Therefore, one of t he  goals of compressor re- 
search is t o  obtain r e l i ab le  performance prediction methods. This  prob- 
l em,  which can be  considered as an analysis of off-desigd c q r e s s o r   p e r -  
formance, i s  one of the most d i f f i cu l t   t a sks   f ac ing   t he  compressor designer. 

Off-design  performance is defined as the  performence of the compres- 
so r   a t  flow conditions and speeds  other  than  those f o r  which the  compres- 
s o r  w a s  specifically  designed. The off-design  analysis differs from the  
design  case i n  that the  compressor  geometry is given  and the  object is 
to find  the  compressor-outlet  conditions f o r  B range of speeds and weight 
flows. It is sometimes referred t o  as the   "direct  compressor  problem," 
whereas the  original  design i s  called  the  "inverse"  or  "design problem.'' 
The design problem is  discussed  in detail i n  chapter TTIII. 

c 
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Prediction  of off -design  performance is caneidered in this  chapter. 
A ty-pical  compressor  performance  map  is shown in  figure 1 with  the  design 
point and the  stall-limit  or  surge  line  indicated.  The  regions of the 
performance map that  are  discussed  herein  are  those  to  the  right of the 
stall-limit line along lines  of  constant  speed;  in  other words, the  com- 
plete  compressor  map. Thee techniques  for  predicting  off-design  per- 
formance are  presented. 

In the  first  method,  compressor  performance is obtained by fbst ra- 
dially  integrating  compressor  blade-element  data  to  obtain  blade-row  per- 
formance.  The  performance  of  successive  blade  rows is determined  by  Uti- 
lizing the computed  outlet  conditions  of  one  blade row as  the  inlet 
conditions  to  the following blade  row until complete  compressor  perform- 
ance is obtained.  This  type of solution for compressor  off-design  per- 
formance,  of  course,  requires a rather  complete  knowledge of compressor 
blade-element  flow, radial integration  techniques,  boundary-layer growth, 
blade-row'  interactions,  and  the radial mixing  process.  Some  of  this  in- 
formation is currently  availablej  although  it is limited in m a n y  cases, 
the  amount is steadily  increasing. For example,  the  exid-flow-comgressor 
blade-element  theory  and  correlation  results  are  given in chapters VI and 
VI1 for  cascades and single-stage  compressors. By utilFzing  thfs  type  of 
data,  the  performance  of a comgressor  blade  element  can  be  determined. 
Furthermore,  the  results  of  chapter VIII provide a means  for radial stack- 
ing of blade  elements  to  estimate  blade-row  performance  and  axial  stacking 
of  blade  rows to determine  design-point  performance,  provided  adequate 
blade-element  performance data are  available.  This  information  can  be 
applied to the  off-design  problem  and  is  discussed in dekil herein. 

The  second  method  is somewhat more  simplified  than  the  first, in that 
the  average  performance  of  each  stage  is  obtained and the  stage8  are ai- 
ally stacked  to  acquire  the  compressor  map.  Therefore,  neither  blade- 
element  data nor radiel  integration  is  necessary to obtain a performance 
map by this  method,  The  6uccess or failure of the  technique  depends  upon 
the  accuracy  of  the  individual  stege  performance  curves  used  for  the com- 
putation of over-all  performance. This method  is  used in the  analyses  of 
multistage-compressor  performance in references 1 to 6 and in chapter 
x111 (ref. 7) . 

The final method  of  predicting  multistage-compressor perfomce that 
is discussed in t h i s  chapter  is  based on data obtained  from  over-all  per- 
formance  maps of previously  designed cmpressorg.  It  is considerably  more 
simplified  than  the  first  two  methods,  because  there  are no integration 
procedures or stage-stacking  techniques  involved  in.  the  canputation of 
performance  maps.  This  method  was  first  proposed in reference 8 and Was 
subsequently  used in the  analysis  of  two-spool  canpressor  performance in 
reference 9. In  the  present  chapter, data f r m  several  multistage can- 
pressors  are  correlated, so that  it is possible  to obtain a cmlete per- 
formance map from known canpressor  desi-  conditions  by mems of a few 
simple  and  short  numerical  calculations. 

IC 

a, tn 
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Essentially,  the  purpose  of  this chpter is  to  review  the  methods 
currently  available  for  predicting multistage-cmpessor performance. 
Although  the  techniques  apply prharily to  fixed-geometry  compressors, 
they may be  adapted  to  study  operation  with  variable  geometry  and  bleed. 
The  advantages,  disadvantages,  limitations,  and  applicability  of each 
method  are  discussed. 

SYMBOLS 

The f ollowfn@; symbols are  used in t h i s  chapter: 

A area, sq ft 

a speed of sound, ft/sec 

C P specific  heat  at  constant  pressure,  Btu/(lb) (%) 

g acceleration  due  to  gravity,  32.17  ft/sec2 

H total  or  stagnation  enthalpy,  Btu/lb 

J mechanical  equivalent of heat,  778.2  ft-lb/Btu 

Kbk  weight-f low blockage  factor 

M hch number 
” ” 

N rotational  speed, rp 

P total  or stagnation pressure, lb/sq ft 

R gas constant, 53.35 f t-lb/( lb) ( 9 2 )  

S entropy,  Btu/( lb) (OR) 

T total  or  stagnation  temperature, 91 
t static or stream  temperature, 91 

v air  velocity,  ft/sec 

r radius, ft 

U rotor  speed,  ft/sec 

w weight  flow,  lb/sec 

Z coordinate along axis, ft - 
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P 

r 
s 

6" 

II 
6 

P 

cp 

\k 

air angle,  angle  between air velocity and axial  dlirection,  deg 

ratio  of  specific  heats 

ratio of total  pressure  to NACA standard  sea-level  pressure of 
232.6 lb/sq ft 

boundary-layer  displacement  thickness 
$! efficiency 0, 

ratio of total  temperature  to NACA standard sea-level  temperature 

density,  lb-sec2/ft4 

flow  coefficient 

pressure  coefficient 

a, 

of 518.7' R 

Subscripts : 

a 

ac 

ad 

an 

b 

d 

h 

i 

id 

i n  

m 

out 

r 

ref 

S 

sz 

stagnation  conditions 

actual condltions 

adiabatic 

annulus 

backbone 

design 

hub 

reference  position, radial s ta t ion  where  variables a r e  known 

ideal 

compressor  inlet 

mean 

compressor  outlet 

radial direction 

reference 

stall limit 

NACA standard sea-level  conditione - 
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Z axial   d i rect ion 

e tangent ia l   d i rect ion 
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OY1, s t a t ion  numbers (fig. 2)  
2,3 

Superscript: 

1 denotes  conations  relative t o  rotor  blade row 

METHODS O F  PBEDICTING OFF-DESIGN PERFORMANCE 

a Blade-Element Method 
w co Blade-element theory is  used  extensively i n  the  comgressor  design 

technique (ch. VIII). Compressor blades  are  evolved by a radial stacking 
of a ser ies  of blade sections o r  blade  dements t o  form the  complete 
blade. The theory  proposes,  therefore, t h a t  the blade-row characteris-  

and that over -a l l  compressor  performance  can then  be  obtained by an in-  
tegration of the performance of each blade row. In this section,  blade- 

- tics can be  determined i f  the performance of  each blade element is known 

. element theory is applied t o  solve the off-design problem. 

Basicdly,  the solution f o r  t h e  off-design compressor  performance 
proceeds as follows: From epecified  inlet   conditians and blade geometry, 
the  outlet   conditions are computed from  a knowledge of the f l o w  about 
blade  elements and wtth  the  conditions that continuity and radial equi- 
librium must be sa t i s f ied .  Allowances muet be m a d e  f o r  bound.aqy-layer 
growth,  blade-row interact ion  effects ,  and rad ia l  mixing of blade w a k e s .  
The approach i s  admittedly an idealized one at present,  since mch of 
t he  information  (blade-element  losses at off-design  operating  conditions, 
boundary-layer growth, interactions,  and radial mixing of blade wakes) 
required t o  cax"y out this calculation I s  not currently available. The 
general method is  presented, because it has the greateet poten t ia l i ty  f o r  
pro~Lding a pfcture of the  internal-f low mechasism through a  compressor 
at off-design  operating conditions. A method for computing the perform- 
a c e  of a comglete  compressor stage (inlet guide vanes, rotors ,  and 
stators) is outlined; recourse is made to  the  equatione and techniques 
f o r  r ad ia l  stacking of blade  elements  presented i n  chapter VIII. The per- 
fonnance of successive  stages can be determined  by u t i l i z i n g  the computed 
outlet  conditions of one stage as the  inlet   conditions t o  the fo l lowing  
stage. 
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Performance of inlet guide  vanes. - Guide vanes are u t i l i zed   t o   e s -  
t ab l i sh  a specified  prerotation at the  design  condition  (ch. vIII). For 
the  off-design problem, it i s  necessaryto  determine  the  effect of changes - 
. i n  weight  flow and speed on guide-vane  performance. 

Experimental  evidence indicates   that   the   effect  of  variations  of 
i n l e t  Mach number and secondary  flows  (caused  by  variations i n  weight 
flow) on guide-vane turning  angle is very smell over the  range of i n l e t  
Mach numbers usually  encountered i n  axial-flow-compressor  guide vanes 
(0.3 t o  0.5). Also, changes i n   r o t o r  speed  have  very l i t t l e  e f fec t  on 
turning  angle.  Therefore,  for  the  purpose of this   analysis  it can  be 
assumed tha t ,   fo r  fixed-geometry  guide vanes, t h e  guide-vane-outlet  angle 
remains constant  (the  design  value)  for all values  of  speed and weight 
flow i f  the subsequent rotor  i s  operating unstalled. 

With the  guide-vane-outlet angle fixed, the  out le t   veloci ty  distri- 
bution may be computed. The radial variation of ax ia l  and tangential  
velocity  leaving an annular row of blades  for  steady  axially symmetric 
flow,  neglecting  terms  involving  viscosity, is eypressed in chapter VTII 
as follows: 

For  flow across inlet guide vanes, the  total   enthalpy is  constant and 
entropy  variations along the  radial height can be  considered  negligible 
in most cases, m a k i n g  &/ar = o and t ar = O. In adation,  experi-  
mental data f o r  guide vanes with small wall taper  and re la t ive ly  low- 
aspect-ratio  blading  indicate  that   the  effect  of radial accdera t ions  
and the  radial   veloci ty  component can be  neglected  with little error.  
Therefore, when equation (1) is integrated  with  respect  to r, the  f o l -  
lowing equation  results : 

as 

Equation (2) can be u t i l i zed   to   emress   the   ax ia l   ve loc i ty  in terms 
of outlet  angle and radial posit ion  for  zero radial gradients of enthalpy 
and entropy and no radial velocity component. (Subscripts 0, 1, 2, and 3 
denote a x i a l  stat ions and ere  indicated in  figure 2 on a schematic dia- 
gram of a compressor stage. A typical  velocity diagram is shown i n   f i g -  
ure 3.) In order t o  solve  for  values of axial   velocity at a l l  radial 
positions, a value of reference  -axial  velocity must be assumed. 

The asswrrptionW  the  reference axial velocity can  be checked by 
” 

meam of the  contfnuity  equation,  since  the-condition  that  the inlet 
weight flow equals the   ou t le t  weight  flow must be sa t i s f ied .  The con- 
tinuity  equation can  be  expressed as follows: 
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where 

f o r  the  case of inlet guide vanes.. 

5 

pr) limits of  integration of equation (3), so that values of (rh+6*) and 
J- (rt-6*) correspond to  the  effective  passage area rather  than t o  the geo- 

From equations  (2) and (3) an i te ra t ion   so lu t ion  is necessary  to 
solve  for  the  correct axial veloci ty   to   sat isfy weight flow. The area 
blockage  caused-by  boundary-layer growth is taken  into account by the 

d 
P 
cu 

u -  metric area, or by the use of the blockage factor Kbk described i n  
chapter VIII. Ekperimental results indicate that the   r a t io  of effective 
a r e a   t o  actual passage area is  approxinaately 0.98 a t  s ta t ion  1. Equa- 
t ions (1) t o  (3) do not  consider guide-vane losses.  Since l i t t l e  data 
are available for  estimating guide-vane losses, it i s  difficult t o  ob- 
tain a complete l o s s  picture. However, if at  all possible, it i s  de- 
sirable that a reasonable  estimate of the  losses  be made. In  some cases 
a guide-vane over-dl   efffciency i s  assumed. Some Wormation that may 
be helpful in estimating  losses is presented i n  reference 10. 

Rotor and s t a to r  analysis. - With the  guide-vane-outlet  (rotor-inlet) 
conditions fixed, the  rotor-outlet   calculations can proceed. The pro- 
cedure f o r  determining the  performance of the   ro tor  is more complicated 
than   tha t   for   the  guide vanes, and the  following  information must be 
provided: 

Blade camber 
Blade angle  determined from blade geometry 

Relative inlet-air angle 
Relative inlet Mach umber determined from inlet   conditions 
Rotor  speed 

Sol idi ty  I 
With this  information available, blade-element r e su l t s  similar to those 
i n  chapters V I  and V I 1  are required to determine the  turning  angle and 
therefore   the  var ia t ion of rotor-outlet  air  angle. . 
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I n   o r d e r   t o   o b t a h  an amroximate  velocity  distribution at the ro to r  
exit ,   zero  losses are assumed between s t a t ions  1 and 2 and simple radial 
equilibrium  with no radial   entropy  gradient is assumed at s t a t i o n  2. The 
sirnple-radLal-equilibrium equation  can  be  eqressed as follows: 

where 

As in the  case of the inlet guide vanes, the   var ia t ion  of ou t l e t  a x i a l  
velocity V, cazl be  determined by assuming  a reference value of ou t l e t  
axial. velocity Vz,i. The assumption of Vz,i can be ver i f ied  by means 
of  the  continuity  equation (eq. (3) ), where 

for   the   ro tor   b lade  row with no losses.  The simultaneous  solutions of 
equations (3) and (4) fo r   t he   ro to r   r equ i r e  a double i t e r a t ion   fo r   ax i a l  
velocity.  Solutions of equations of t h i s   t ype  w e  readlly  adaptable to 
high-speed  electronic computing  equipment. 

The solution of equations (3) and (4 )  provides  only a first approx- 
imation to   the  rotor-cut le t   veloci ty   dis t r ibut ion,   because no allowance 
f o r  losses i s  included i n  the calculation. One way of r e f in ing   t h i s  
calculat ion t o  account for   losses  i s  by the  uBe of the  equilibrium equa- 
tion  with  the  entropy-gradient  term included. The equilibrium  equation 
with  entropy  gradient is given in chapter VI11 and can be expressed a8 
f O l l 0 ~ 6  : 
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A detailed  discussion of the  solution of equations ( 6 )  and (3) for   the  
design  case i s  presented i n  chapter VIII. A solution of these  equations 
t o  satisfy  the  off-design problem is similar and requires   detai led howl- 
edge of boundary-layer  growth and blade-element  losses  over  the complete 
range of operating  conditions. Although  complete loss information is not 
readily avai ldle  .at the  present time, the  re la t ions between the  dfffusion 
fac tor  and  blade-element losses  (chs. VI and VII) might be used f o r  op- 
erating  points i n  the  vicini ty  of the  design  point. If a solution of 
these  equations i s  obtained,  mass-averagedvalues of rotor   over-al l  
pressure r a t i o  and efficiency  can  be  calculated. 

The blade-element  calculations  for the stator   blade performance  axe 
similar to   those f o r  the  rotor .  Values of ou t le t  axial velocity can be 
determined by an i t e ra t ian   so lu t ion  of equation (6) where the  subscript  
1 becomes 2, the  subscript  2 becomes 3, and the  term (U - V, tan B ) be- 
comes (V, t an  /3). Continuing this   i terat ion  process   blade row by blade 
raw through the  compressor will ultimately  provide  the  compressor-outlet 
conditions. 

Remarks on blade-element method. - Unfortunately, a t  present  the 
corqelete  blade-element-flow picture  is unknown. In the region  near  the 
compressor  design  point,  adequate  blade-element  data are ava i lab le   for  
entrance  stages. However, the v a r i a t i o n s  of loss and turning angle have 
not been  established 86 compressor stall is approached. In  addition, 
boundmy-layer  theory  does  not as yet  provide a m e a n s  of calculat ing  the 
boundary-layer growth through a multistage compressor,  and there   are  no 
unsteady-flow resu l t s ,  blade-row interaction  effects,   nor &ta concern- 
ing radial mixing of blade wakes that can be  applied  directly t o  compres- 
sor  design. 

The preceding  analysis  reveals  the gaps i n  our knowledge (particu- 
larly  off-design blade-element data) that must be bridged by future  re- 
search programs. I n  view of the  length of the preceding  calculation, it 
probably is  not   jus t i f ied  at present unless a good estimate can be made 
of the  blade-element  flow at off-design operating  conditions. As s t a t ed  
previously,  the method is  presented  because it has the   greatest   potent i -  
a l i t y  for  providing a complete picture  of the  internal-flow mechanism 
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through a compressor  at  off-design  operating  conditions.  Of  course,  o-ne 
obvious way of simlifying the  calculation  would  be  to  c-arry  it o u t  at 
only  one  radius  of  the  compressor.  This  procedure.  would  not be. exact;.. 
however, a qualitative  picture could be  obtained  of  the  comgressor opm- 
ating  characteristics. 

Stage-Stacking Method 

Over-all  compressor  performance.  for .a r-ange o f  speeds  and  weight 
flows may be  estimated by a stage-stacking  method. The performance of 
each  stage of the  multistage  compressor  is  obtained  and  presented so that 
its  performance  is a function  only  af  its  inlet  equivalent  weight  flow 
and  wheel  speed. For assigned  values  of  compressor  weight  flow  and  speed, 
the  first-stage  performance  yields  the  inlet  equivalent  flow  and  wheel 
speed  to  the  second  stage. A stage-by-stage  calculation  through  the  com- 
pressor  gives  the  individual stage pressure  and  temperature  ratios, so 
that over-all  compr"e8sor-messure  r8tio  and  efficiency  can  be  calculated 
for  the  assigned  values of compressor  weFght  flow  and  wheel  speed. 

Stage  performance. - Single-stage  performance  tests  are  convenient- 
ly made  at  constant  speed, so that  performance  is  very  often  presented 
as  plots of pressure  ratio  and  adiabatic  efficiency  against  equivalent 
weight  flow  for  constant  values  of  eq.uivalent speed. Such  plots, how- 
ever,  are  not  convenient  to  use  in  applying  the  stage-stacking  method, 
and  stage  performance  for -this use is presented  aa  .plats.  of  efficiency . 
and pressure  coefficient  against a flow  coefficient.  These  dimensionless 
quantities  are  defined  by  the  follod;rlng eqmtions: 

cp =@) m 
Representative  single-stage  performance.curve6  are shown in  figure 

4.  These  curves may vary in the  multistage  environment  (ch. XI11 (ref. 
'7)); however,  for  undistorted  inlet flow, Gage performance  generalizes 
quite  well  for a considerable  range of Reynolds  and Mach numbers.  The 
stage  characteristics  at  different  speeds may be  presented as a single 
line  (fig. 4) for relative stage-inlet h c h  numbers q? t o  approximately 
0.75. An exception is made for stage  operation at low angles of attack. 



- Even for  relatively low values of  relative  stage-inlet  Mach  number,  the 
flow  coefficient  denoting a choked  condition  changes  with  wheel  speed, 
so that a family  of cwves is  required in the  high-flow-coefficient 
range.  Stage  performance  for  relative  stage-inlet  Mach  numbers  higher 
than  about 0.75 may be presented as. a -Tamily of  curves for  the diff went 
wheel  speeds.  Stage  performance is influenced  by  flaw  distortion  at its 
inlet,  but  very  llttle  quantitative information is available. 

L 

Sources of  stage  performance. - The stage  performance  curves  needed 
for  the  stage-stacking  method may be  obtained  from  single-stage  and  multi- 
stage  testing  or  from  theoretical  calculations. T h e  chief  shortcoming of 
the  single-stage  test  data  available  to  date  is  the  lack of information 
concerning  radial  maldistribution  of flow and  unsteady flow. Such in- 
formation is needed to estimate  over-all  compressor  performance by the 
stage-stacking  method;  for  example,  at low wheel  speeds,  the  inlet  stage 
of a multistage  compressor  operates  stalled so that  the  inlet  flow  to the 
second  stage  often  is far f r o m  uniform. 

.- r 

Stage  performance  obtained f r o m  interstage  data on multistage  com- 
pressors  (see  refs. 4, 11, and 12) includes  specific  amounts  of  radial 
maldistribution of flow; for example,  the  stalled  portions  of  the  second- 
stage  curves  are  obtained  for  inlet  flow  affected by stall in  the first 
stage . 

The  difficulty  in  estimating  stage  performance from theoretical  cal- 
culations  is  concerned  with  the  fact  that  the flow in a compressor  is 
three-dimensional,  while  the  basic  data  normally  used  are  based on  two- 
dimensional  flow.  Esnploying  blade-element  theory to obtain  stage  per- 
formance  involves a l l  the  difficulties  discussed  in  the  section  entitled 
Blade-Element  Method.  As  before,  the  calculation.bre&s  down  when a 
blade  element  stalls. A theoretical  method of estimating  stage perform- 
ance along the  mean  line is presented in reference 8. Conditions at 
the  mean  diameter  are  taken as representative  for  the  stage.  For  stages 
having  hub-tip  radius  ratios  lower  than 0.6, reference 8 indicates  that 
some  form of integration of the  individual  blade-element  characteristics 
(possibly  by  means  of  the  blade-element  method) along the  blade  height 
should be attempted. An example of stage  performance  calculated from 
mean  diameter  conditions is presented  in  appendix I of reference 8. 

Stacking  procedure. - In order to estimate the performance of a 
multistage axial-f low compressor  wlth a stacking  procedure,  the  following 
must  be known: 

(1) Stage  performance  curves of each  stage 

(2) Annulus  area  at  inlet to each  stage 

(3) Mean  radius  at  inlet  to  each  stage 

(4) Design  value of absolute f l o w  angle at inlet  to  each  stage 
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The over-all  compressor  performance  can be calculated for assigned val- 
ues of compressor-inlet  equivdent w e i g h t  f l o w  wfi/6-,-  and  rotative 
speed Um,l /  fi. The value of f low  coefficient  into the first  stage fs 
found from 

.. 

where the value of Vz,l/ is  read from curves  representing the fol- 
lowing  equation: 

.. 

The area term A, in  equation (11) is commouly taken as the geometr-f- 
cal annulus area. However, experience has shorn that more r e a l i s t i c  V a l -  
ues of axial velocity are obtained from equation (ll) if effect ive annu- 
l u s  area is used. I n  order t o  determine  effective  annulus  area, the - .. . 

boundary-layer growth through the compressor  must be known (ch. VIII). 
Again, information  concerning the growth and  behavior of  the boundary 
layer i n  an axial-flow compressor is required for the off-design ca6e. 

The f i rs t -s tage performance  curves yield  values of  ql and q1 
that permit  ceLculation  of  the  f irst-stage  pressure  ratlo and tenrperature 
r a t i o  from the following  equations: 

. .  . 

T3 
T1 
- =  
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The  values  of  equivalent f l o w  and  speed  at  the  inlet  to  the  second  stage 
are  calculated  from 

- 

(D 
Q) 

dr 
M 

The  values  of  equivalent  weight flow and equivalent  wheel  speed  at  the 
second-stage  inlet  determine  the  value of the flow coefficient 93, so 
that  the  second-stage  pressure  and  temperature  ratios may be  calculated 

tinued  throughout  the  compressor,  and  over-all  pressure  ratio  and  effi- 
ciency  are  calculated  from  the  compressor-inlet  and  -outlet  pressures 
and  temperatures. Thus, for  any  wheel  speed,  the  over-all  compressor 
pressure  ratio  and  efficiency  can  be  calculated  for  each  assigned  value 
of compressor  weight flow. 

? 
w w from  the  values of 93 and q3. The  stage-by-stage  calculation  is  con- 

In calculating a compressor  performance  map,  some  means  must  be 
employed  for  estimating  the  surge  line,  which  influences  starting, ac- 
celeration, and control  problems.  One  scheme is to draw the  surge  line 
through  the  peak-pressure-ratio  points of the  over-all  performance  map. 
If the  stage  performance  curves  exhibit  discontinuities,  surge at any 
conrpressor  speed may be  taken  to  correspond to flow conditions  for  which 
a discontinuity  is  encountered  in  the  performance  curve  of any stage. 

-. . . . . . - 
Remarks  on  stage-stacking  method. - The  stage-stacking  method  may 

be used  as a research  tool  to  investigate  compressor  off-design  prob- 
lems or to esttmate  the  performance of  an untested  compressor. In ref- 
erence 3, the  stage-stacking  methoa  was  employed  to  indicate  qualitative- 
ly the  operation of each  stage  in a high-pressure-ratio  multistage  com- 
pressor  over a full range of operating flows and  speeds,  the  effect  of 
stage  performance on off-design  performance,  the  effect  of  designing  for 
different  stage-matching  points,  and  the  effect on  over-all  performance 
of loading  exit  stages aud unloading  inlet  stages  by  resetting  stator 
blade angles. The part-speed  operation  for  high-pressure-ratio  multi- 
stage axial-flow compressors is analyzed in chapter XIII (ref. 7) with 
regard  to  the  surge-llne dip‘and the multiple performance  curves that 
exist  in  the  intermediate-speed  range. In both these  references, 
stage  performance  curves  were  assumed. 
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The aiff icul ty   in   es t imat ing the performance of an actual  compres- 
sor l ies  i n .  obtgining  -reliable  .stage performance curves. Use of stage 
curves  obtained.from a given.md.t.Istage compressor results in good per- 
formance estimation of a compressor  having. similar  stages and only  a 
s l ight ly   different   over-al l   design  pressure  ra t io .  This i s  i l l u s t r a t e d  
in  reference 5, where the performance of  .a modified  coqpressor i s  pre- 
dicted from the stage.curves of the original  version of the compressor. 
The results of this performance-map prediction by the  stage-stacking 
method are i l l u s t r a t e d   i n  f igwe 5. Calculated and  measured values 
agreed pwt icu lar ly   wel l  at the higher compressor speeds. 

.. " .  . 
L 

This method is also useful for determining  the  effects of inters tage 
bleed and variable  gmmetry on compreasor performance. In the   inters tage 
bleed  calculation,  the flow coefficient cp can  be adjusted  for  the amount 
of air bled from the compressor. The ef fec t  of variable geometry  can  be 
accounted. for   in   the   ca lcu la t ion  procedure. if the variat ion of the  stage 
curves is known as the compressor  geometry is  varied. 

Simplified Method 

A drawback cminncm t o  the blade-eleme-nt and-stage-etacking methods of 
estimating  over-all compressor  performance is the length of time required 
for  the calculations. A simplified method requking  much less calculating i 
time -is discussed  herein. This method provides a means of obtaining  the 
performance map of a new compressor from the resul ts   of-previously de- 
signed  compressors.  Correlation curves  are hrovided t o  facilitate the 
calculation. 

1- 

Background information. - In  reference 8 a method far predicting 
multistage-compressor  performance is outlined. It was used to  estimate 
the performance map of  a newly designed com$wessor having blading similar 
t o  an  existing compressor b u t  s l i gh t ly  d i f fe ren t  designvalues of weLght 
flow,  pressure  ratio, wheel speed, and number of stages. The applica- 
t ion of  t h i s  method to  new compressor designs !IS, of course,   restricted 
t o   c a ~ e s  where a compressor map of a simqar exis t ing compressor is 
available. 

In this report,  an attempt i s  made to  extend the method presented-in 
reference 8 t o  a more general  case.  Therefore,  eGerimenta1 data on 
eight  multistage  .coqressors were .collected,  correlate-d,  ana  plotted  in 
curve form, so that matistage-compressor.  performance maps of new corn-. 
pressore could be obtalned  easily from a knowledge of the design condi- 
tions  alone. The method presented  herein is s i m i l a r  t o  that used i n  ref- 
erence 9 t o  obtain  multistage performance npps. " There are three phases. 
of the  calculation  .prgcedure . First po1nt.s. of. m a x i m u m  eff iclency- at 
each  speed are calculated. The l i n e  af.maximum efficiency .is' called  the 
backbone of the compressor map, and values along this l i n e  are termed 
backbone values. Second, the stall-limit l i n e  is determined, and values 
along the stall-ltmit l i n e  are referred to  a8 stall-limit va lues  or 
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stall-limit points.  Finally,  points d o n g  l i nes  of constant  speed are 
calculated  from  the s ta l l  limit t o  maximum flaw. The integrat ion of - these phases results i n  a complete  compressor  performance map. 

Calculation of compressor  backbone. - Experimental over-& perform- 
ance maps ( s imi l a r   t o   f i g .  1) of  eight compressors (listed i n  table I) 
were obtained.  For the condition of maximum adiabatic  efficiency at each 
speed, d u e s  of pressure r a t io ,  weight flow, and efficiency were tabu-  
la ted.  From these backbone va lues ,  the reference-point va lues  of  speed, 
pressure  ra t io ,  weight  flow,  and adiabatic efficiency were found. The 
reference  point  of a compressor map, wfiich is not  necessarily the design 
point, is defined as the point of maximum polytropic  efficiency of the 
cornpressor backbone. 

iE 
Cn The ef fec t  of reference-point.pressure r a t i o  on bacaone  character-  

i s t i c s  is shown i n  figure 6, where each backbone value is p lo t ted  as a 
percentage  of its reference-point  value. In figure 6(a), values of back- 
bone pressure   ra t io  are plotted  against   reference  pressure  ratio with 
equivalent  rotor  speed as a parameter.  Similar  plots of backbone weight % 

d f l o w  and adiabatic  efficiency are shown in  f igures  6(b) and ( c ) ,  
P respectlvely. 

Cb u known reference-point  values of pressure  ra t io ,  w e i g h t  flow, adiabatic 

- bone values of pressure  ra t to ,  w e i g h t  flow,  and eff ic iency at various 

F7 n 
The backbone of a new compressor m a y  be calculated from figure 6 and 

efficiency, and rotor  speed.  For the reference  pressure  ratio,  the back- 

speeds are read from figure 6. Absolute backbone values are obtained  by 
multiplying the values read from f igure 6 by  appropriate  reference-point 
va lues .  

Calculation  of stall-limit l i n e .  - The effect of  reference pressure 
r a t i o  on stall-limit or  surge-line  chazacterist ics i s  shown i n  figure 7, 
i n  which stall-limit pressure  ra t io  is p lo t ted  againJ3t reference pressure 
r a t i o  with stall-limit weight flow as a parameter. The values  of stall- 
l i m i t  w e i g h t  flow anti pressure r a t i o  are p lo t ted  as percent of the r e f -  
erence  values. The st--limit l i n e  of a new compressor may be calcu- 
lated by  multiplying the stall-limit va lues  of pressure r a t i o  and w e i g h t  
flow read from figure 7 fo r  the known reference  pressure  ratio by their 
respective  reference v d u e s .  St8U"limit l ines   es t imated  in  t h i s  manner 
are single-valued; whereas, the  stall-limit l ines  of some ac tua l  com- 
pressors aze multivalued (ch. xIrI (ref. 7 ) ) .  

Constant-speed  characteristics. - The constant-speed  characteristics 
of an  existing compressor may be  obtained from its performance map. For 
several   points along each speed l ine,   values of temperature rise 
(Tout - Tin)/el, adiabatic  efficiency Tad, and  flow  parameter 
(win (dT-,/ y x )  are calculated and divided by 

r ise ,   eff ic iency,  and flow parameter. Values from the entire-compressor 
- their  respective backbone values t o  yield relative  values of temperature 
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map tend  to  give a s.i.ngle  curve  of  relative  temperature  rise  against 
relative  flow.parameter  and a single  curve  of  relative  efficiency  against 
relative  flow  parameter.  These  two  curves  define  the  constant-speed 
characteristics of a-compressor.  Plots  of this type  are  illustrated in 
figure 8. The  data  points  represent  seven afferent compressor  speeds, 
and in general  the  correlation of data at all speeds  is  relatively .. good. 

In figme 9 faired  curves  are  plotted  representing  the  constant- 
speed  characteristics of four  compressors  designed  according  to  the  basic 
principles  outlined in chapter VIII. When  specific  data  are  lacking on 
the  constant-speed  characteristics  of a newly  designed  conrpressor, an 
average  of  the  curves of figure 9 could  propably  be  used  successfully 
for  the  compressor  constant-speed  characteristics, if the  design Eystem 
is  similar  to  that  presented in chapter VIII. 

The  lines of constant  speed  for a desired  campressor  performance map 
may be  calculated froin a given  set of constant-speed  characteristic 
curves  and  the  calculated  backbone  values. For each  speed,  relative 
values  of  flow paraeter are  assigned  and  relative  values  of  temperature 
rise  and  efficiency  are  read froni the cons-bnt-speed  curvet3.  Absolute 
values  are  calculated  from  these  relative  values  and  the  appropriate 
backbone  values. In the  use of these cwves, one  end is limited by the 
stall-limit line  and  the  other  end  by  the maxim-weight-flow value. 
Compressor  pressure  ratio  is  calc+ted  from  the  %lues  of  temperature 
rise  and  efficiency, -and compressor  weight flow is ca&c&ted from  values . 
of temperature  ratio,  pressure  ratio; and flow  parameter. 

Comments on reference pint. - As stated  previously,  the  reference 
point  is  defined  as  the  point of m a x i m u m  polytropic  efficiency of the 
compressor map. Experimental data indicate that.the reference  point is 
usually found at values uf compressor  speed somewhat below  the  actual 
design  speed.  Unfortunate-Q,  attempts  to  obtain an exact  relation  be- 
tween  the  actual  cmpTessc3T  design  point  and  the  reference  palnt  were 
unsuccessful. In the  case of the four NACA compressors  that  utilized 
the  design  principles of chapter VIII, the referent-e apeed  varied frm 
90 to 100 percent of the  actual  design  speed. This fact may be  helpful 
in  establishing the relation af these  two  points. 

The  following.procedure may be used to  compute  reference cmditiOn8 

(1) A trial value of reference  pressurG'T?Stio is selected 
(Pout/Pin) ref * . ." . .:- . 

.r 

. - .  . .  

- 
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( 2 )  A value of backbone total-pressure  ratio ('out/'in)b - (Pout/Pin) ref 
is read from figure 6(a)  for  the  values of (Pout/Pin)ref and 

(3) A value of (Pout/Pi,> ref i s  calculated f ram 
- .=.  

\ pin / b  

(a& 
If this calculated d u e  does not equal  the trial value frm s tep  (1) , 
steps (1) to (3) are repeated u n t i l   t h e  two values do agree. - 

( w f i / 6 ) b  
(4) A value of GmG 100 i s  read from figure 6(b) f o r  the 

(5) The value of (w &/6) ref i s  calculated from 

6) A value of %d,b 
k d ,  ref 

100 i s  read from figure 6 (c) f o r  the values 
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(7 )  The value of &d,ref ' is calculated frm 
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- Tad, d 
qad,ref - 

Tad, b 
k d ,  ref 

Remarks  on'simplified  method. - How closely  the  performance  map 
calculated  by  the  simplified  method will conform  with  the  actual  per- 
f ormance  map  depends on each  phase  of  the  calculation. The agreement 
depends on (1) how well  the  available  compressor perfomce maps gen- 
eralize  to  backbone,  stall-limit,  and  constant-speed  curves, (2) how 
closely  design  conditions  are  realized in the  new compessor,  and (3) 
how  accurately  reference-point  conditions  are  calculated f r o m  design 
conditions. The performance maj?s of the  limited  number of compressors 
designed d o n g  the  1ines.suggested  in  this  volume  have  had some affin- 
ity  in  shape. As previously  noted,  however,  double-valued  stall  lines 
cannot  be  anticipated by this method. 

CONCLUDING REMARRS 

Three  techniques  have  been  presented  for  estimating  compressor off-  
design  performance. . The first  method,  which is based on blade-element 
theory, is usef'ul for obtaining only a small part of the compressor map 
Over  which all blade  elements in the  campressor  remain  unstalled. This 
technique  is  restricted  at  present  because of the  limited  amount of 
available  information  concerning  off-design  blade-element data, boundary- 
layer  growth,  blade-row  interaction  effects,  and  radial mixing of blade 
wakes. This method has the  greatest  potential  for  providing a complete 
picture  of  the  internal-flow  mechanism  through a compressor. 

The  second  method,  which  involves  individual stage performance 
c w e s  and a stage-by-stage  calculation,  is  useful f o r  estimating  the 
performance  of a compressor for which  reliable  stage  performance  curves 
are  available. In addition,  this  method has been  used  effectively  as a 
research  tool  to  determine  the  effects of interstage  bleed  and  variable 
geometry on compressor  performance. 

The  third  method,  which is based  on aver-all performance data of 
existing  canpressors, may be  used  to  estimate  the  complete  performance 
map of a new  compressor if the  compressor..desJgn  conditions are speci- 
fied. At present, it  is as effective as the  qther methods and has the 
advantages of simplicity  and  short  calculating  tFme. 
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TABLE r. - E X P E R ~ ~ A L  COMPRESSOR DATA 

Compressor Inlet Outer Stages Reference Inlet 
guide 

t i p  eter, r a t i o  vanes 
hub- d i m -  pressure 

in. rat io 

1. Subsonic 

0.6 V w i -  12 3.48 Yes 3. Subsonic 

0.5 19 10 3.00 Yes 2. Subsonic 

0.575 15.75 6 2.08 Yes 

able 

4. Transonic 

0.46 V m i -  8 10.26 No 8. Transonic 

0.55 33.5 16 9.20 Yes  7, Subsonic 

0.48 20 8 7.35 No 6. Transonic 

0.55 20 10 5.53 Yes 5. Subsonic 

0.50 20 5 4.02 No 

able 

1 Refer - 

14 * 
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Equivalent specific weight flow, w f i / / s h ,  (lb/eec)/eq ft 

Figure 1. - Typica l  axial-flowcompreeaor over-all perform- 
ance map. 
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Figure 2. - Schematic diagram of compreesor stage. 

Figure 3. - Typical velocity diagram. 
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Figure 4. - Tppicsl stage characterietlc curves. 
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* Equivalent weight flow, w&%, lb/sec 

Figure 5 .  - Comparlson of predicted and experlmental  over-all 
performance f o r  modified eight-stage compreseor. 
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Reference pressure ratio, (Pout/P&ef 

(b) Weight flow. 

Figure 6. - Continued. Effect of reference pressme ratio on backbone characteristics. 
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(c) Efficiency. 

Figure 6. - Concluded. Effect of reference pressure ratio on backbone characteristics. 
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2 3 5 6 7 8 9 10 ll 
Reference pressure ratio, (Po,t/Pin)ref 

Figure 7. - Effect of reference pressure ratio on atall-limit line. 
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1 

Figure 8 .  - Generalized performance parameters at several speeds f o r  typ- 
ic& axial-flow con!pessor. - . .. ". -. -. . . . . . 

.. . 
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Relative flow parameter, 

Figure 9. - Generalized  performance  curves of four  multistage  compressors. 
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